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ABSTRACT 
This thesis presents a laser diagnostic investigation into the combustion, NOx 
formation and mixing processes occurring within the optically assessed combustion 
chamber of a methane-fired (lOkW), fully premixed, self-aspirating, Helmholtz pulse 
combustor. The inlet geometry of the combustion chamber consisted of a step 
expansion and a bluff body obstacle formed by a stagnation plate. The focus of the 
investigation was the effects of the stream-wise position of the stagnation plate on the 
pulse combustion processes. 
A comprehensive parametric study of the performance of the pulse combustor is 
presented with stagnation plate position, air/fuel ratio and tailpipe length as the 
variables. The operating frequency and peak pressure amplitude trends were found to 
vary in accordance with the Rayleigh criterion. The operation of the combustor was 
more stable with the effective heat-release point preceding the resonant acoustic peak. 
Operation outside ofthis regime produce increased levels of CO. 
Time-resolved, laser-sheet flow visualisation images are presented of the flow 
structures within the combustion chamber. The inlet mixing - between the reactants 
and residual gases - was dominated by the formation of two counter-rotating toroidal 
vortices. In general, the inlet mixing was found to decrease as the stagnation plate was 
moved further into the combustion chamber. However, other mechanisms that tended 
to counter this trend were observed. Under certain conditions, significant flow 
reversals were imaged with gases penetrating the combustion chamber from the 
tailpipe. 
The combustion event was investigated using cycle-resolved chemiluminescence and 
laser induced fluorescence imaging of OH' radicals. Ignition of the fresh reactants by 
residual combustion/radical activity was found to occur along the interface between 
reactants and residual gases. The increase in reaction zone area generated by the 
action of the toroidal vortices provided the necessary mechanism for the rapid 
combustion of the reactants. 
The reduced mixing associated with moving the stagnation plate further into the 
combustion chamber produced a more compact combustion zone with less interaction 
between combusting reactants and cooler residual gases. This modification to the 
combustion zone was consistent with the measured trends of rising NOx tailpipe 
emissions and decreasing N02INOx ratio." , 
Under certain conditions, a reversal in the"NO~ and N02INO, ratio trends was 
observed. This was explained by an augmentation of heat transfer rate out of the 
combustion chamber, characterised by increased flow reversal strength, which lead to 
cooler residual gases. Additional mechanisms,· which modified the inlet mixing 
process, were also identified as contributing to. the reversal of the NO, trends . 
. ' ... -- ... -............ . 
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CHAPTER 1 
INTRODUCTION 
1.1 Background 
Pulse combustor systems are designed to utilise the phenomenon of combustion 
driven oscillations. In these systems the combustion process, which varies 
periodically with time, excites the fundamental acoustic mode of the combustor. 
Combustion under such oscillatory conditions, when compared with conventional 
steady flow schemes, has many significant advantages. These include higher thermal 
efficiencies [l], higher convective heat transfer rates [2,3,4], higher combustion 
intensities [5,6], lower pollutant emission of NO x [7,8] and the ability to self-aspirate. 
With current economic and environmental considerations these advantages are 
extremely attractive to the combustion engineer. However, the additional complexities 
in designing and commissioning pulse combustion systems have limited their 
application to industrial and domestic combustion markets. 
The most successful commercial application of pulse combustion to-date has been to 
water and space heating. Thermal efficiencies as high as 95% have been reported with 
NOx emissions of 34-46 ppm. In comparison, conventional condensing boilers offer 
efficiencies of approximately 85% with NOx emissions in the range of 58-
13 8 ppm [7,8]. 
Unfortunately, designers of new pulse combustion systems usually have to resort to a 
"cut-and-try" approach rather than a rational design procedure based on a complete 
understanding of the governing physical and chemical processes. Until this problem is 
alleviated, it will always be easier to apply conventional steady flow designs to new 
combustion systems and the obvious advantages of pulse combustion will remain 
unrealised. 
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Fundamental research into the pulse combustion process has mainly concentrated on 
methane-fired Helntholtz-type pulse combustors of a size comparable to those found 
in domestic heating applications [e.g.9,IO). In these combustors, the inlet geometry 
generally consists of a step expansion into the combustion chamber and an axially 
located bluff body obstacle - known as a stagnation plate. With this geometry, the 
flow field during injection is characterised by the formation of large-scale vortices [9]. 
It is clear from previous research that of central importance to pulse combustion 
phenomenon is the mixing generated by the stagnation plate between incoming fresh 
reactants and residual combustion products. Without adequate mixing, the fresh 
reactants do not automatically ignite and the pulse combustion process ceases. The 
10w-NOx emissions from pulse combustors are also attributed to the mixing process. 
Hot combustion products are mixed rapidly with cooler residual gases, producing a 
short residence time at high temperatures and thus lower thermal NO production 
rates [11). It is known that the stream-wise position of the stagnation plate alters the 
performance of the combustor in terms of operating frequency and pressure 
amplitude [12]. However, the effects of the stream-wise position of the stagnation 
plate position on the combustion and mixing processes, and the formation of NOx, 
have not been investigated previously. 
1.2 Contributions from this Work 
Changing the inlet geometry of a Helntholtz pulse combustor, by altering the stream-
wise position of a stagnation plate, has the potential to significantly alter combustor 
performance. The vortices generated around the stagnation plate drive the mixing 
process occurring within the combustion zone and are intimately involved in reducing 
the formation ofNOx• 
The current PhD work reported here presents the first detailed investigation into the 
effects of stagnation plate position on the mixing and combustion processes, and the 
subsequent formation of NO x, within a methane-fired Helmholtz pulse combustor. 
The first achievement of the PhD was the design, development and commissioning of 
an optically accessed, Helmholtz pulse combustor and test rig. Significant effort was 
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put into the initial development of the pulse combustor to ensure that its operation was 
both stable and repeatable. The combustor was a novel, 10w-NOx, design, which 
operated in a premixed mode and, unlike previous research systems, self-aspirated its 
own air supply. This configuration was like domestic heating systems where cost and 
size constraints prohibit the use of a pressurised air delivery system. By operating 
premixed, it was possible to operate at a leaner air/fuel ratio and the hotter, near 
stoichiometric, combustion pockets encountered in non-premixed combustion were 
eliminated. 
In order to study the complex flow interactions occurring within the pulse combustor, 
a time-resolved laser-sheet visualisation system has been used. The formation of 
large-scale toroidal vortices in the inlet region of the combustion chamber has been 
deduced previously using laser Doppler velocimetry [9]. However, the Image 
sequences presented in this thesis represent the first direct visualisation of the 
formation of the toroidal vortices and the effect that stagnation plate position has on 
their development. Unlike previous studies, it was found that under certain 
circumstances the flow reversal from the tailpipe could transport significant quantities 
of cooler fluid upstream into the combustion chamber. 
New insights into the automatic re-ignition process and the structure of the flame front 
have been achieved by the laser induced fluorescence imaging of OH' radicals. The 
results clearly showed that the fresh reactants are ignited along the reactant/residual 
gas interface. Global information on the structure and siting of the combustion zone 
was provided by cycle-resolved OH' chemiluminescence imaging. These results 
showed the changes that occur to the combustion zone as the stagnation plate position 
is altered. 
A significant increase in the understanding of the processes affecting the formation of 
NOx has been achieved throughout the studies contained within this thesis. The 
underlying trend in NOx emissions was found to increase, as the stagnation plate was 
moved further into the combustion chamber. This trend was attributed to a decrease in 
the amount of mixing generated between the incoming reactants and residual gases. 
Several other factors affecting the formation of NO x were also investigated. 
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For future designers of pulse combustion systems, the work in this thesis has 
highlighted the significant changes in pulse combustor perfonnance that can be 
achieved through the stream-wise positioning of a stagnation plate. Very stable pulse 
combustion can be attained combined with significant reductions in NOx emissions. 
1.3 Overview of the Thesis 
Chapter 2 presents a review of the prevIOUS work that has been conducted on 
Helmholtz pulse combustors. The review begins with a description of a Helmholtz 
pulse combustor and its basic operating principles. Details of the previous research 
work are then divided into several main sections: ignition and combustion timing; 
flow visualisation studies; heat transfer augmentation; NOx emissions; and non-
premixed combustors. The chapter ends with a brief historical overview of the pulse 
combustion phenomenon and a discussion of the past and present applications for 
pulse combustors. 
Chapter 3 details the design and preliminary testing of the Helmholtz pulse combustor 
and test rig used throughout the experimental programme. 
Chapter 4 describes the parametric study that was performed on the pulse combustor 
at the start of the experimental investigation. Stagnation plate position, air/fuel ratio 
and tailpipe length were all varied systematically with measurements of pressure and 
exhaust gas composition recorded at regular intervals. The discussion focuses on the 
effects of stagnation plate position on the performance of the combustor with results 
presented for peak pressure amplitude, operating frequency, stability and tailpipe 
emissions of NO and N02. At the end of the chapter, five test configurations of the 
combustor are selected for further study using laser diagnostic techniques. 
Chapter 5 describes the flow visualisation study performed on the pulse combustor. 
Images sequences are presented of the flows within the combustion chamber for the 
five test configurations. After describing the general flow field characteristics of a 
pulse combustion cycle, the discussion analyses the effect of the stagnation plate 
position on mixing field around the stagnation plate and the flow reversal from the 
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tail pipe. The changing flow fields are used to explain the NOx and N02INOx ratio 
trends found in the parametric study. 
Chapter 6 describes the chemiluminescence and laser induced fluorescence 
investigations of the combustion zone. Chemiluminescence image sequences of OH' 
radicals are presented to illustrate the effect of the stagnation plate position on the 
structure of the combustion zone. The implications of the combustion zone structure 
to the formation of NO and N02 are discussed. Finally, the images form the laser 
induced fluorescence study are presented and discussed. 
Chapter 7 contains the conclusions to the thesis and discusses possible avenues for 
further work. 
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CHAPTER 2 
SURVEY OF PREVIOUS WORK 
2.1 Introduction 
This chapter begins with a description of a Helmholtz pulse combustor and its basic 
operating principles. The detail of the previous research work conducted on pulse 
combustors is then divided into several main sections: ignition and combustion 
timing; heat transfer augmentation; NOx emissions; and finally non-premixed 
combustors. Particular attention has been given to the NOx emissions section with 
details of the mechanisms leading to the formation of NO and N02. This provides the 
background knowledge necessary for the discussions in later chapters. The chapter 
ends with a brief historical overview of the pulse combustion phenomenon and a 
discussion of the past and present applications for pulse combustors. 
2.2 Pulse Combustor Operation and the Rayleigh Criterion 
2.2.1 The Helmholtz Pulse Combustor 
The basic components of a Helmholtz pulse combustor are a combustion chamber, a 
tailpipe and a mixing chamber fitted with a one-way valve. These components are 
usually of circular cross-section, with the diameter of combustion chamber larger than 
that of the tail pipe. The one way valve permits the flow of reactants into the 
combustion chamber but prevents back flow during the positive pressure phase of the 
pulse combustion cycle. In small sized combustors, typical of those found in heating 
applications, this valve is usually of a "flapper valve" type. A schematic of a basic 
combustor design is shown below in figure 2.1. 
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Flapper valve Combustion chamber 
\ 
Inlet 
Exhaust 
Mixing chamber Stagnation plate Tailpipe 
Figure 2.1 - Basic components of a Helmholtz pulse combustor 
Once the pulse combustor is operating, it is able to self-aspirate its own supply of air. 
However, to initiate the pulse combustion cycle, a combustible fuel/air mixture must 
be first supplied into the combustion chamber and ignited. In small-scale combustors, 
an electric fan is usually used to deliver the air. This air mixes with the fuel that enters 
under the pressure present in the fuel line. The combustible mixture is then ignited, 
usually with a spark plug, and the pulse combustion cycle begins. Subsequent cycles 
are ignited automatically (as discussed later) and, therefore, the spark plug is only 
required at start-up. 
The gases inside the combustor oscillate approximately as quarter wave, like an organ 
pipe. The standing wave is driven by the periodic heat release that occurs in phase 
with the positive period of the pressure variation. Following the work of Reynst [l3], 
the oscillations occurring within the pulse combustor can be illustrated by considering 
the sequence in figure 2.2. In this illustration, the pulse combustor is simplified to that 
of a tube, which is closed at one end, with a complete cycle represented by time T. 
With the initial combustion, the gases expand and flow out of the tube. The velocity 
of the gas outflow continues to rise until the pressure along the length of the tube has 
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Figure 2.2 - Quarter wave oscillation in a tube [13] 
equalised to that of the atmosphere - time T/2. At this instance, the gases in the tube 
have their maximum outflow velocity. Due to their inertia and elasticity, the gases 
continue to exit the open end of the tube. This results in a negative pressure 
developing within the tube and a slowing of the exiting gases. At time 3T/4, all the 
gases within the tube are stationary and a peak negative pressure exists at the closed 
end. The gases in the tube then begin to equalise this negative pressure by moving 
towards the closed end of the tube. Air from the atmosphere in drawn into the open 
end. At time T, the inflow velocity is at its maximum and the pressure inside the tube 
has returned to that of the atmosphere. With their inertia, the gases continue to move 
towards the 'closed' end and the tube is supercharged with the pressure increasing up 
to its positive peak at time T/4. In an actual pulse combustor the flapper valves open 
at the closed end of the tube, between time T 12 and T, in response to the negative 
pressure within and admit a fresh charge of reactants. This "leak" at the pressure 
antinode (combined with other loses within the system) reduces the actual peak 
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negative pressure reached which then subsequently reduces the peak positive pressure 
attained at time T/4. It is rapid combustion of the fresh reactants, during time T to T/4, 
which restores the full amplitude of the peak positive pressure and allows the cycle to 
repeat itself indefinitely. The delay between the time the fresh reactants start entering 
the combustor to the onset of rapid combustion is very important. Without the delay, 
the heat release would not reinforce the returning pressure oscillation and the pulse 
combustion process would stop. The significance of the correct phasing between the 
heat release and the pressure oscillation can be understood by considering the 
Rayleigh criterion (see section 2.2.2). 
From both the above description and the illustration in figure 2.2, it is evident that in 
the combustion chamber of an operating pulse combustor there exits both a pressure 
antinode and a velocity node. The corresponding pressure node and a velocity 
antinode are positioned at the tailpipe exit. The velocity oscillation lags the pressure 
oscillation by a quarter of a cycle. These pressure and velocity oscillations are 
superimposed upon the respective mean pressure and mean stream-wise gas velocity -
these are present since there is an overall flow of fluid through the combustor. The 
difference in cross-sectional area between the combustion chamber and tailpipe 
produces a deviation from a pure quarter wave oscillation. This is particularly evident 
in the velocity oscillation profile where a step change in velocity occurs at the 
junction between the combustion chamber and the tailpipe. During the flow reversal 
period, this can result in a jet of tail pipe fluid penetrating the more stationary fluid 
present in the combustion chamber. 
The flows and combustion within the Helmholtz pulse combustor can be summarised 
by the four phases shown in figure 2.3. 
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(I) Ignition and Combustion 
':". 
'. 
'. 
(3) Purge and Recharge 
(2) Combustion and Expansion 
(4) Recharge and Compression 
Figure 2.3 - Operating phases of a Helmholtz pulse combustor 
2.2.2 The Rayleigh Criterion 
In the 1870s, Rayleigh elegantly stated the effects of a periodic heat release on a 
vibrating gaseous system [14,15]. The criterion is often applied to the combustion 
driven oscillations in a pulse combustor, where it allows the phase relationship 
between the heat release and the pressure oscillation to be interpreted. The criterion 
states (14]: 
"If heat be periodically communicated to, and abstracted from, a mass of air 
vibrating (for example) in a cylinder bounded by a piston, the effect produced 
will depend upon the phase of the vibration at which the transfer of heat takes 
place. If the heat be given to the air at the moment of greatest condensation, or 
be taken from it at the moment of greatest rarefaction, the vibratIOn is 
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encouraged On the other hand, if the heat be given at the moment of greatest 
rarefaction, or be abstracted at the moment of greatest condensation, the 
vibration is discouraged 
"If the air be at its normal density at the moment when the transfer of heat takes 
place, the vibration is neither encouraged nor discouraged, but the pitch is 
altered Thus the pitch is raised if the heat be communicated to the air a quarter 
period before the phase of greatest condensation; and the pitch is lowered if the 
heat be communicated a quarter period after the phase of greatest condensation. 
"In general both kinds of effects are produced by a periodic transfer of heat. The 
pitch is altered, and the vibrations are either encouraged or discouraged But 
there is no effect of the second kind if the air concerned be at a loop, i. e. a place 
where the density does not vary, nor if the communication of heat be the same at 
any stage of rarefaction as at the corresponding stage of condensation. 
"Thus in any problem which may present itself of the maintenance of a vibration 
by heat, the principal question to be considered is the phase of the 
communication of the heat relatively to that of the vibration. " 
The subtle effects of the change in phase between the heat release and the pressure 
oscillation can be seen in Wood's illustration of the Rayleigh criterion in 
figure 2.4 [16]. 
Putnam presented the Rayleigh criterion in a mathematical form [17) 
Jhpdt>O 
where, h is the heat release rate, p is the oscillating component of the pressure, and t is 
the time. If this inequality is satisfied then the heat release within the combustion 
I I 
chamber is able to drive the pressure oscillation. Otherwise the pressure oscillation is 
damped and the pulse combustion process ceases. 
The implications of the Rayleigh criterion on the operation of pulse combustors can 
be seen throughout the literature. A good example is in the work ofKeller [18]. 
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0 _____________ T 2T 
o 
o T 21 
Phase of heat release relative Effect on Effect on 
to the phase of pressure Amplitude Frequency 
(I) In phase Increase None 
(2) Opposite phase Decrease None 
(3) Quarter period before None Increase 
(4) Quarter period after None Decrease 
Figure 2.4 - Wood's illustration of the Rayleigh criterion [16] 
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2.3 Ignition and Combustion Timing 
With water-cooled combustion chamber walls, Zhuber-Okrog showed that the 
automatic re-ignition found in pulse combustors was not due to contact with hot metal 
surfaces [19]. Reuter et al. observed that the CH' radical emission from the 
combustion zone never fell to zero throughout the entire pulse combustion cycle. With 
this finding, and in combination with shadowgraph and schlieren visualisations, they 
concluded that re-ignition was due to mixing of fresh reactants with pockets of 
burning remnants still persisting from the previous cycle [20]. Later work confirmed 
this method of re-ignition [18,1 0]. 
Fresh reactants are drawn into a pulse combustor during the negative pressure phase 
of the pulse combustion cycle. If rapid combustion began immediately then, due to 
Rayleigh criterion (see section 2.2.2), the pressure oscillation would be damped and 
the pulse combustion process would stop. For the pressure oscillation to be sustained 
the heat release must occur during the positive phase of the pressure cycle. This 
requires a delay from when the reactants first enter the combustor to when the rapid 
combustion begins. Keller et al. termed this delay period the total ignition delay 
time [21]. They established the concept that this total ignition delay time could be 
considered as comprising of individual delay times. These delay times were identified 
as: the time required to mix the fuel with the oxidiser; the time required to mix the 
reactants with the hot products and thereby raise the temperature of the reactants to 
the ignition temperature - termed the mixing delay time; and the time required for the 
chemical reactions to occur - termed the kinetic delay time. By manipulating these 
delay times, the relationship between the total ignition delay and the coupling between 
the heat release and the pressure oscillation could be controlled. 
Keller and Westbrook [22] varied the kinetic delay component of the total ignition 
delay by changing the fuel composition. By operating a pulse combustor on a fuel 
mixture of methane/ethane, as opposed to pure methane, they increased the chemical 
reaction rate and decreased the kinetic delay time. The results obtained were all easily 
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interpreted in terms of the Rayleigh criterion. When the combustor was operating on 
pure methane, the heat release point proceeded the pressure peak. By operating on a 
methane/ethane mixture, this mismatch was increased and, in accordance with the 
Rayleigh criterion, the pressure amplitude fell and operating frequency rose. 
To investigate fully the relationship between the ignition delay time and the coupling 
of the heat release and the pressure oscillation it is necessary to be able to increase the 
total ignition delay. Keller et al. achieved this by diluting the methane/air mixture 
entering a pulse combustor with nitrogen [21]. In this way, it was possible to increase 
systematically the kinetic delay and thus increase the total ignition delay time. They 
found that as they increased the amount of nitrogen dilution, a point was achieved 
where the heat release was in phase with the pressure oscillation and a maximum in 
the pressure amplitude was attained. Through an extensive series of investigations, it 
was always found that the response of the pulse combustor could be understood in 
terms of the Rayleigh criterion. 
Subsequent work by Keller et al. quantified the relative importance of the individual 
delay times [23]. It was found that the time required to mix the fresh reactants with 
residual gases, the mixing delay time, contributed to over 80% of the total ignition 
delay time. This was a fortunate result, since, out of all the delay times the mixing 
delay is the most easily varied. Keller et al. demonstrated this in a commercial pulse 
combustor heating unit [12]. The inlet to the combustion chamber was modified to 
incorporate a stagnation plate. By adjusting the stream-wise position of this stagnation 
plate, the mixing between the incoming reactants and the residual gases could be 
varied. By moving the stagnation plate further into the combustion chamber (i.e. away 
from the inlet) the mixing delay time, and therefore the ignition delay time, was 
increased. By only adjusting the position of the stagnation plate, an operating 
frequency range of approximately 90 to 120 Hz was achieved. Within this range, the 
pressure amplitude increased as the heat release point was brought more into phase 
with the pressure oscillation. 
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The effects of stagnation plate position on mixing and combustor performance, in 
particular the formation of NOx, is the basis of the current investigation presented in 
this Thesis. 
Keller et al. suggested that flame extinction by fluid dynamic strain could provide a 
mechanism for delaying the heat release within a pulse combustor [9,24,25,26]. They 
proposed that the strain rate generated during the injection of reactants was sufficient 
to delay the ignition. While ignition was suppressed, the reactants and the residual 
gases mixed and then, once the strain rate has reduced sufficiently, rapid combustion 
of the reactants began. 
2.4 Heat Transfer Augmentation 
Instances where combustion instabilities have occurred unexpectedly in combustion 
devices highlight the augmentation effect that velocity fluctuations can have on heat 
transfer rates. For example, heat transfer augmentation resulting from combustion 
instabilities has lead to component melting and the catastrophic failure of rocket 
motors [27]. In heating applications, however, the increased heat transfer is desirable 
since it allows more efficient and compact systems to be designed. 
There has been considerable research into understanding the conditions and 
mechanisms that lead to convective heat transfer augmentation in oscillating gas 
flows. It is evident, from this research, that an important consideration is the 
amplitude of the gas velocity oscillation in relation to the mean velocity. If the 
amplitude is smaller than the mean velocity, then generally a slight decrease in 
convective heat transfer occurs, when compared with the steady-flow case [2]. 
However, if the oscillation amplitude is larger than the mean velocity, such that 
periodic flow reversals occur, then significant increases in heat transfer rates are 
encountered. Hanby [2] reported convective heat transfer rates up to 2.4 times the 
steady-flow value in a Schmidt-type pulse combustor. A subsequent investigation has 
shown a similar increase [3]. 
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Based on a quasi-steady approach, Hanby introduced a simple model to predict the 
heat transfer augmentation produced by the flows within a pulse combustor [2). In the 
model, it was assumed that the heat transfer coefficient at any instant could be 
calculated from the instantaneous velocity value by implementing a steady-state heat 
transfer relationship. The technique was semi-empirical, since a measurement of 
pressure variation was required before the instantaneous velocity could be calculated. 
In the approach, the heat transfer augmentation was related to a· dimensionless 
pulsating velocity, B, defined by 
(2.1) 
where 0) is the angular frequency of the oscillation, A is the oscillation amplitude, and 
V mean is the mean stream-wise gas velocity. For values of B greater than unity, a flow 
reversal, relative to the combustor walls, will occur during the pulse combustion 
cycle. Under these conditions, the quasi-steady approach predicts an almost linear 
increase in heat transfer augmentation with an increase in the dimensionIess pulsating 
velocity. Using this approach Hanby achieved good a correlation with measured 
results. 
Recent work has used optical techniques to measure the time-resolved temperatures 
and velocities of exhaust gases within a tailpipe of a Helmholtz pulse 
combustor [4,28,29). Dec et al. [4) gives an extensive, critical review of the various 
hypotheses that have been suggested, throughout the literature, as possible 
explanations of the heat transfer augmentation found in oscillating gas flows. They 
conclude that the most likely cause of the heat transfer augmentation is a combination 
of transverse flows and increased turbulence intensity generated during the periodic 
flow reversals. They suggest that the quasi-steady approach used by Hanby is overly 
simplistic. However, since the latter remains as the only workable approach to allow 
the qualitative understanding of the effects of pulse combustor operating parameters 
on heat transfer rates, it will be used throughout the discussions presented in this 
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Thesis. The main implications of the quasi-steady approach can be summarised as 
follows: 
With a flow reversing oscillation within the pulse combustor, the heat transfer 
augmentation is only dependant on the product wA and the mean stream-wise gas 
velocity, V mean. The product wA is defined essentially by the local pressure amplitude 
and is therefore directly proportional to the peak pressure amplitude generated within 
the combustion chamber. The mean stream-wise velocity, V mean, is affected by either a 
change in air/fuel ratio (a change in mass flow rate) or a change in the temperature of 
the gases within the combustor (a change in volume flow rate). Complexity occurs 
since the temperature of the exhaust gas is itself effected by the heat transfer 
enhancement and the air/fuel ratio. 
2.5 NO. Emissions 
2.5.1 Health and Pollution 
With the world's dependence on combustion as an energy source [30J, the emission of 
pollutants from combustion devices is a growing problem. The NOx pollutant has 
been the focus of particular attention due to its contribution to air pollution and its 
adverse effects on human health. NOx refers to the sum of two nitrogen oxide 
molecules, namely nitrogen monoxide (also known as nitric oxide), NO, and nitrogen 
dioxide, N02. 
N02 is associated with adverse health effects, however, the NO formed during 
combustion is subsequently converted, in the atmosphere, to N02. N02 has been 
shown to cause permanent damage to the respiratory system at concentrations around 
the ppm level [31]. At lower concentrations the effects of N02 exposure is less 
conclusive [32]. 
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In the United Kingdom in 1997, the largest source ofN02 was road transport, which 
accounted for about 48% of the total 1.83 million tonnes of N02 emissions. Power 
generation contributed 20% and domestic sources 4% [33]. In urban areas, the 
proportion of local emissions due to road transport sources is larger. This is of 
concern to people working or living in these areas, as they will be routinely exposed 
to high local concentrations. Typical atmospheric concentrations of N02 range from 
0.5 ppm, in heavily polluted atmospheres, to down to <I ppb in remote 
atmospheres [31]. In the U.K., the concentration limits for N02, which will be 
applicable by the end of 2005, will be an annual mean of 21 ppb and a maximum 
hourly mean of 104.6 ppb [34]. 
From an environmental standpoint, NO, is the principal contributor to the formation 
of acid rain and photochemical smog [35,36]. Amongst others, acid rain leads to the 
damage of forests, aquatic life and buildings [35]. The ozone contained in 
photochemical smog also has health implications towards humans [37]. 
2.5.2 NO Formation Mechanisms 
For the combustion of fuels that contain no, or very little, nitrogen (e.g. natural gas 
and petrol) there are two main sources of NO: 
I) The thermal mechanism, which involves the oxidation of atmospheric nitrogen -
also known as the extended Zeldovich mechanism. 
2) The prompt mechanisms, which include routes that produce NO faster than the 
thermal mechanism. 
The basic features of these two sources are discussed below: 
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I) The Thennal Mechanism: 
The chain reactions that fonn the thennal mechanism are [30,38,39]: 
O+N, BNO+N 
N+O, BNO+O 
N+OHBNO+H 
kif = 1.8 X 10" exp[(- 38370rr)] 
k2f = 1.8 X 10' exp[(- 4680rr)] 
k3f = 7.1 X 1010 exp[(- 450rr)] 
(2.2) 
where the units of the rate coefficients are m3Ikmol-s. By assuming that the fuel 
combustion is complete before NO fonnation becomes significant then the above 
reactions can be uncoupled from the fuel combustion chemistry and their treatment is 
greatly simplified. By using the steady-state approximation for the N atoms, 
neglecting reverse reactions, and assuming that both 0 atom and N2 molecule 
concentrations are at their equilibrium values then the maximum NO fonnation rate 
may be expressed as: 
(2.3) 
Clearly, as its name suggests, the fonnation of thermal NO is strongly dependent on 
the burned gas temperature, T(K). Of lesser importance is residence time at the high 
temperatures. The relatively high activation energy (319050 kJlkmol) of the first 
chain reaction (given above) is the rate limiting step in thennal NO fonnation. As a 
general guide thennal NO formation is unimportant below temperatures of 
1800 K [30] and, due to its relatively slow fonnation rate, thenna! NO is considered to 
be fonned mainly in post flame regions. The most effective way of reducing the 
thennal NO. component in emissions is to decrease the combustion temperatures. 
This is usually achieved by operating the combustion equipment under fuel lean 
conditions. 
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2) The Prompt Mechanisms: 
The mechanisms that produce NO faster than the thermal mechanism are: (1) the 
Fenimore or prompt mechanism; (2) superequilibrium concentrations of 0 and OH 
radicals and; (3) the N20 intermediate route. 
The Fenimore mechanism [30,40] is dominant in fuel-rich, premixed hydrocarbon 
combustion and in hydrocarbon diffusion flames, sometimes contributing greater than 
50 percent to the total NO production [41]. The mechanism is linked to the 
combustion chemistry of hydrocarbons. Hydrocarbon radicals initiate the mechanism 
by reacting with nitrogen molecules- to form amines or cyano species. These species 
are then converted through a series of intermediate steps that finally results in the 
formation of NO. The actual formation routes are complex and depend on the air/fuel 
ratio of the combusting reactants [30]. Fuel fragmentation in the flame front is the 
source of the hydrocarbon radicals necessary for the Fenimore mechanism. These 
radicals are more plentiful in fuel rich combustion. The high air/fuel ratios 
encountered in the present study precluded any significant NO contribution from the 
Fenimore mechanism. 
In real combustion environments, due to the short time scales involved, the 
assumption of an equilibrium concentration of 0 and OH atoms, used in the 
application of thermal mechanism, is often invalid. This leads to an under prediction 
of thermal NO formation rates. Superequilibrium concentrations of 0 and OH atoms, 
which are several orders of magnitude greater than equilibrium concentrations, can be 
present in the combustion zone and this can greatly increase the formation of thermal 
NO. According to Bowman, the acceleration of NO formation by superequilibrium 
radical concentrations is most significant in stirred reactors under lean conditions, 
non-premixed flames and low pressure premixed flames [41]. In these situations, the 
NO formation, resulting from superequilibrium concentrations of 0 and OH atoms, 
can contribution up to 80 percent of the total NO emissions. 
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The N20 intennediate route is important either under fuel lean conditions when the 
burnt gas temperature is low or at increased pressures. The route has become 
significant in the gas turbine applications where lean premixed combustion has been 
investigated as a NO. reduction strategy [30]. In the N20 intennediate route, N20 is 
fonned and then subsequently converted to NO. The proportion of the total NO 
fonned via N20 mechanism is most significant under conditions of low overall NO 
fonnation [41]. 
2.5.3 N02 Fonnation Mechanisms [30,42,43] 
The reactions that destroy N02 are dominant in hot flame environments: 
N02 +H~NO+OH 
N0 2 +O~NO+02 
(destruction) 
( destruction) 
However, NO can be oxidised to N02 by the reaction with a H02 radical: 
NO + H02 ~ N02 + OH (fonnation) 
(2.4) 
(2.5) 
The H02 radicals necessary in this N02 fonnation reaction are formed in relatively 
cool flame environments by the following reaction: 
(2.6) 
Hence, N02 fonnation occurs when NO from hot zones is transported, by either 
diffusion or fluid mixing, into cooler post flame zones where H02 radicals are present. 
The fonnation of N02 is particularly evident in compression ignition (C.I.) engines 
where the contribution to the total NO. can be as high as 30 percent [44]. This high 
proportion is attributed to combustion and mixing processes common in C.1. engines 
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where air swirl transports NO from hot fuel rich regions to cooler regions where H02 
radicals are present. 
2.5.4 NOx Formation in Pulse Combustors 
An inherent feature of the oscillatory combustion contained within pulse combustors 
is low N Ox formation. Pulse combustion hot water boilers currently available emit 
between 34-46 ppm NOx [8]. This compares with 58-138 ppm from conventional 
boilers [8]. The low NOx formation rates found in pulse combustion are attributed to a 
short residence time at high temperatures [I I]. Keller and Hongo identified three 
possible mechanisms for the short residence time [I I]: 
i) hot combustion products are cooled rapidly by mixing with cooler gases that have 
flow reversed from the tailpipe; 
ii) hot combustion products are cooled by mixing with incoming reactants; 
iii) hot combustion products miX with cooler residual products present in the 
combustion chamber. 
Using laser Doppler velocimetry to measure gas velocities and the two line atomic 
fluorescence (TLAF) technique to measure time-resolved gas temperatures, the three 
mechanisms were investigated. It was found that the strength of the flow reversal 
from the tailpipe was insufficient to introduce cool fluid into the combustion zone. In 
addition, the temperature in the combustion zone began to decline before the injection 
of fresh reactants. These two findings ruled out the first two mechanisms listed above. 
It was therefore concluded that the final mechanism was producing the short residence 
time at high temperature. The high heat transfer rates present in pulse combustors 
cools the residual gases in the combustion chamber. These residual gases 
subsequently mix with and cool the hot combustion products, thereby reducing the 
residence time at high temperatures and reducing the production of NO. 
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Conventional NOx reduction technologies have been applied to pulse combustors with 
notable success. Michel and Belles investigated the use of exhaust gas recirculation 
(EGR) in two prototype pulse combustion hot water boilers [45]. These boilers were 
fired on natural gas at heat input rates of 147 kW and 220 kW respectively. Without 
EGR the emissions of NO x (3%02) were 40 ppm for the smaller boiler and 50 ppm for 
the larger boiler. With EGR, the NOx emissions from the smaller boiler were less than 
20 ppm and for the larger boiler they were between 20-25 ppm. The percentage of 
EGR used depended on the air/fuel ratio but was within the range of 9 to 16 percent. 
The use of EGR also increased the performance of the boilers by delaying the heat 
release and thereby increasing the correlation with the pressure oscillation. 
Combining fuel staging and air staging, Kelly et al. also achieved 50 percent NOx 
reductions when operating an aerovalved pulse combustor [46]. The combustor was 
operated on propane gas at a heat input of 68 kW. By combining both air and fuel 
staging the NOx emissions could be reduced by 54 percent from 57 ppm to 26 ppm 
(0% O2). The investigators reported that combustion efficiency was not significantly 
degraded. Miller et at. also used air staging to reduce NOx emissions, in a coal 
burning Rijke pulse combustor, by up to 56 percent [47]. 
Keller et at. investigated the lean operation of a fully premixed, methane-fired, 
experimental pulse combustor [8]. By increasing the relative air/fuel ratio of the 
reactants entering the combustor the flame temperature, and hence the NOx formation, 
was reduced. Operating at an air/fuel ratio of 1.4 and over a range of heat inputs from 
9 to 14 kW, NOx emissions of below 5 ppm were achieved. 
2.6 Non-Premixed Combustors 
A team led by Zinn has been performing research on non-premixed pulse combustors 
at the Georgia Institute of Technology in the U.S.A. Their combustor designs are 
based on the American Gas Association Laboratories (AGAL) design 
guidelines [48,49] and are therefore similar to the pulse combustor at the heart of 
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commercially available Lennox heating system [50]. The basic combustor design used 
consists of a cylindrical mixing chamber, a cylindrical combustion chamber and a 
tailpipe. Air and fuel (natural gas) enter the mixing chamber separately through 
flapper valves. Mixing and combustion occurs in the mixing chamber as the air and 
fuel jets collide. There is no stagnation plate in the design. The performance 
characteristics of this combustor design, in terms of NO. and CO emissions, have 
been reported [51]. When compared with premixed pulse combustors, work on non-
premixed pulse combustors is more complex due to the additional mixing processes 
occurring between the fuel and air jets. The (generally) smaller volume of the mixing 
chamber in which these combustion and mixing processes are occurring compounds 
the difficulty in performing research. Research has shown that the incoming fuel jet is 
ignited by burning remnants persisting from the previous cycle [20]. The required 
delay in the rapid combustion event is achieved by a complex interaction between the 
fuel and air jets. The air jet creates a recirculation area within the mixing chamber, 
which transports the fresh burning pockets of fuel downstream in the mixing chamber. 
It is only when these burning pockets are returned upstream that ignition of the bulk 
of the fuel/air mixture occurs [52,53]. 
Cheng et al. investigated the effects of tailpipe length and heat release timing on the 
operating oscillation mode of pulse combustors [54]. It was found that the combustor 
would "jump" to a higher harmonic mode when the tailpipe length was increased past 
a critical length. This result has been found previously [55]. However, Cheng et al. 
also showed that the combustor could be forced to return to the original mode of 
oscillation by delaying the heat release within the pulse combustion cycle. By 
increasing the tailpipe length, Cheng et al. also showed that the rich limit of the pulse 
combustor performance could be extended [56]. 
Work has been conducted on the acoustic characteristics of pulse combustor mixing 
chambers [57] and on modelling of flapper valves [58]. Zinn has also been involved 
with research into Rijke-type pulse combustors [59]. 
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2.7 The Work at the Lund Institute of Technology 
At the end of writing this PhD thesis, the thesis of Annika Lindholm at the Lund 
Institute of Technology, Lund University, Sweden, became available [60]. Her thesis 
reported an investigation into several methods of reducing NO, emissions from 
Helmholtz pulse combustors. One of these methods was of particular interest since it 
involved the alteration of the stream-wise position of a stagnation plate. It was 
initially hoped that the work would provide a useful comparison to the investigation 
presented here. However, there were some important differences in her experimental 
procedure, which made any useful comparisons impossible. Neither the air or fuel 
flow rates into the Lund combustor were maintained constant as the stagnation plate 
position was altered. Instead, the gas and air pressures into the combustor were held 
constant. With this limited method of control, the flow rates of gas and air varied as 
the performance of the combustor altered. Complications arose since the individual 
flow rates of gas and air did not change in proportion i.e. the air/fuel ratio changed. 
The performance of the Lund combustor varied in the same way as reported by other 
investigators [12]. As the stagnation plate was moved further into the combustion 
chamber, the operating frequency decreased and the pressure amplitude increased. 
This produced an increase in the fuel rate and an increase in air/fuel ratio. The NO, 
trend measured was therefore a balance of two competing mechanisms. An increase in 
heat input to the combustor would be expected to increase the production of thermal 
NO [61]. However, an increase in air/fuel ratio would decrease the formation of NO. 
For the Lund combustor, the increase in air/fuel was more significant, producing a 
decreasing trend of NO, with increasing stagnation plate distance. With these 
overriding mechanisms, it was not possible to draw any conclusions regarding the 
direct effect of inlet mixing on NO, formation. 
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2.8 Past and Present Applications of Pulse Combustion 
Since the first discovery that sound can influence flames by Higgins in 1777 [62] and 
the subsequent experiments of Tyndall [62], the efforts to apply the phenomenon of 
combustion driven oscillations has been sporadic. Early efforts appear to have been 
directed towards applications of propUlsion and gas turbine power generation. Lorin 
and Marconnet both proposed propulsion schemes at the turn of the 20th century. 
During the same period, Holzwarth developed the first practical gas turbine, which 
utilised the pulse combustion principle. Using the same operating principles as the 
Marconnet engine, the Schmidt pulse-jet was devised in the 1930's. The Germans 
subsequently developed this jet, in the 1939-45 war, for use as the propulsion system 
for the "doodle-bug" V -I flying bomb. More complete writings on the historical 
context of pulse combustors can be found elsewhere [19,63,64]. 
The prolific work of Reynst, into the applications of pulse combustion, has been 
collected by Thring [13]. Reynst suggested using pulse combustion in various novel 
propulsion systems and in the combustion of coal dust for power generation and steam 
raising applications. The last attempt to use the pulse-jet for propulsion appears to 
have been in a VTOL (vertical take-off and landing) military aircraft devised in the 
U.S. during the early 1960s [65]. One of the many advantages of using a valve-less 
pulse-jet for this application was that it was immune to damage from the ingestion of 
ground debris. Pulse-jets have now been essentially relegated to that of historical 
interest with the advent of the modem jet engine, with its superior specific fuel 
consumption and thrust. 
Putnam provides an extensive list of possible applications of pulse combustors [64]. 
Several applications have recently received attention in the literature. These include: 
the incineration of hazardous waste and rubbish [66,67,68]; a pressure gain combustor 
for use in a gas turbine [69,70,71,72,73]; water heating systems, including a Chinese 
combustor for boiling the water necessary for making tea and [74] a Japanese twin 
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combustor system design to emit lower nOise levels [75); and fmally, power 
generation using either an oil-fired or pulverised coal-fired pulse combustor [5,6,76). 
The most successful application to-date of pulse combustion has been to water and 
space heating systems. Current manufactures of such pulse combustion systems are 
the Fulton Company [77) and the Lennox Group [50). 
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CHAPTER 3 
THE HELMHOLTZ PULSE COMBUSTOR AND TEST RIG 
3.1 Introduction 
The aim of the work presented in this thesis was to investigate experimentally the 
effects of the stream-wise position of a stagnation plate on the performance of a 
Helrnholtz pulse combustor. The investigation was divided into three main studies: a 
parametric study; a flow visualisation study; and a chemiluminescence/laser induced 
fluorescence study. The presentation and discussion of the results from these studies 
are contained within chapters 4, 5 and 6 of this thesis. The current chapter details the 
design of the pulse combustor and test rig that was used throughout the entire 
experimental program. The experimental apparatus specific to the work reported in 
chapters 5 and 6 is described in those chapters. 
3.2 The Pulse Combustor Design 
3.2.1 Introduction 
The strategy employed in the design of the pulse combustor was initially to construct 
a combustor based upon a proven design contained within the literature. With this 
completed, modifications could then be systematically made to the basic combustor 
design to make it suitable for the research program. 
3.2.2 The Initial Design of a Non-Premixed Combustor 
The basic pulse combustor design was based on the guidelines published by the 
AGAL in the 1960s [48,49]. A schematic of the combustor produced using these 
guidelines is shown in figure 3.1, with the sizes of the main components listed in table 
3.1. The design was a non-premixed, methane fired, Helmholtz-type combustor, with 
the flows of air and fuel entering through separate flapper valves. The components of 
29 
the combustor were sized to give maximum operating stability at a heat input of 
10kW. 
Component Length (mm) Internal diameter Wall thickness 
(mm) (mm) 
Combustion chamber 220 88.9 6.35 
Mixing chamber 76.2 38.1 5.08 
Tailpipe 1830 38.1 5.08 
Air line 152.4 31.75 5.21 
Gas line 76.2 19.05 3.81 
Air Intake 100 88.9 6.35 
Table 3.1 - Component sizes of the non-premixed Helmholtz pulse combustor design. 
The non-premixed combustor was found to start extremely easily and operated in a 
very stable mode. At a heat input of 10 kW and a relative air/fuel ratio of 1.4, the 
operating frequency of the pulse combustor was 59 Hz with a mean peak pressure 
amplitude of 0.066 bar. 
The first modification made to the non-premixed design was to provide optical access 
to the combustion chamber. Before any further modifications were made, a high-
speed video recording was taken of the combustion event occurring within the 
combustion chamber i.e. with the combustor operating in a non-premixed mode. The 
natural flame emission was imaged using a Kodak Ekta-Pro Motion Analyser camera 
(model 4540). The images showed a jet of combusting reactants periodically entering 
the combustion chamber - see figure 3.2. The majority of the initial combustion was 
occurring unseen within the mixing chamber where the separate incoming air and fuel 
jets collided [20,52]. The optical access modification and the other modifications 
made to the non-premixed design are described fully in the next section. 
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Figure 3.1 - Schematic of the non-premixed Helmholtz pulse combustor 
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Figure 3.2 - An image showing the jet of combusting reactants that periodically 
entered the combustion chamber when the combustor was operating in its initial non-
premixed configuration. The image was recorded using a Kodak Ekta-Pro Motion 
Analyser camera (model 4540) and is of the natural flame emission. The edge of the 
optical section has been outlined in white - a degree of parallax is in evidence. The 
image shows the upstream end of the combustion chamber (the first 85 mm of the 
total length) with the mixing chamber outlet on the left hand side. 
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3.2.3 Modification to a Controllable Fully-Premixed Design 
3.2.3.1 Introduction 
The non-premixed combustor provided a working basis for modifications to make it 
suitable for the research work. These modifications included the following: 
i) Modification of the methane injection strategy to fully premix the fuel and air. 
ii) Alteration to the combustion chamber inlet geometry, with the addition of a 
moveable stagnation plate and flame trap. 
iii) The design of an 'adjustable' air flapper valve to allow the real time control of the 
airflow rate into the combustor. 
iv) Modifications to allow optical access to the combustion chamber through an 
optical quality fused silica cylinder. 
v) The sectioning of the tailpipe to allow various resonance times to be tested. 
vi) The submerging of the combustor, except the optical section, in tanks of cooling 
water to allow control of the thermal equilibrium temperature of the combustor 
A schematic of the modified pulse combustor is presented in figure 3.3. The 
individual modifications will be now discussed in more detail. 
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Figure 3.3 - Schematic of the modified Helmholtz pulse combustor design (the tailpipe modification and water tanks are not shown) 
3.2.3.2 Methane Injection and Subsequent Premixing with Air 
It was decided at the onset on the PhD work that the final combustor design should 
operate in a premixed mode. The reasons for this decision were twofold. In the initial 
non-premixed design, the fuel and air entered the mixing chamber separately. The 
studies of Tang et al. and Reuter et al. revealed the complicated mixing and burning 
process that occur in the mixing chamber as the fuel, air and residual gases interact 
[20,52]. From a NOx reduction standpoint, this combustion environment is not ideal. 
It is inevitable that localised regions of reactants will burn at different stoichiometries 
to the overall mean value and this will result in some hot, high NOx formation regions. 
By converting the combustor to operate premixed, a much tighter control of the 
reactant stoichiometry was achieved, thus giving the potential for substantial 
reductions in NOx emissions [8]. 
By operating the combustor in a premixed fashion, it was possible to investigate the 
interaction between fresh reactants and residual gases and the additional complication 
of the mixing between fuel and air was eliminated. 
The combustor was therefore converted to operate premixed by two modifications to 
the design: 
I) A flame trap, consisting of fine stainless steel gauze, was positioned at the outlet 
of mixing chamber. The trap prevented combustion burning back into the mixing 
chamber and allowed the methane and air to mix before they entered the 
combustion chamber. 
2) The location of the methane injection was moved further upstream, so as to 
increase the mixing time available before combustion, and a new eight hole 
injector was incorporated to inject the methane into the cross flowing air stream. 
The location of the injection system can be seen within figure 3.3. The fuel flapper 
valve was repositioned and a copper tube delivered the methane to a point 
approximately 25 mm below the outlet from the air flapper valve. The methane 
was then radially injected into the inlet tube through eight I mm diameter holes 
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located at the end of this copper tube. The methane and air then mixed as they 
were drawn towards the combustion chamber. 
3.2.3.3 Combustion Chamber Inlet Geometry 
The main purpose of this PhD work was to investigate the mixing and combustion 
processes that occur as reactants and residual gases interact within apulse combustor. 
Following the work of previous investigators, it was decided to use a stagnation plate 
to generate a mixing field between the reactants and residual gases [8,10]. 
A schematic of the modifications made to the inlet geometry of the combustion 
chamber is presented in figure 3.4. The flame trap, as discussed in the previous 
section, can be seen at the outlet the mixing chamber. A stagnation plate, made of a 
stainless steel disc, 40 mm in diameter and 5 mm thick, was suspended axially within 
the combustion chamber on the end of a 5 mm diameter rod. The opposite end of this 
rod was threaded so that it could be screwed through the end wall of the mixing 
chamber. By rotating the rod, the stream-wise position of the stagnation plate within 
the combustion chamber could be varied. The position of the stagnation plate was 
defined by the distance marked 'x' in figure 3.4, where 'x' was the distance between 
the expansion into the combustion chamber and the upstream side of the stagnation 
plate. 
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Figure 3.4 - Inlet geometry to the combustion chamber 
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3.2.3.4 Adjustable Air Flapper Valve 
An adjustable air flapper valve was fitted to the combustor to allow the real time 
control of the amount of air entering. Within the constraints of the combustor's 
operating envelope, it was therefore possible to vary, or maintain constant, the air/fuel 
ratio of the reactants entering the combustion chamber. 
The basis of the adjustable flapper valve was of a common design, see figure 3.5. Two 
circular plates are separated by a spacer and joined centrally. A toroidal disc shaped 
flapper floats between the two plates and is retained in position by the spacer. A ring 
of circular holes allows airflow through the valve but reverse flow is prevented when 
the flapper seals against the holes in the front plate. When used in a pulse combustor, 
the flapper is sufficiently light and mobile to be able to respond rapidly to the varying 
pressure differential between the outside atmospheric pressure and the pressure just 
downstream of the flapper valve. 
It:;!>=<> 
=<> 
Air 
Flow I-I 
=<> 
I ~=<> 
Valve open-
Air flows into 
the combustor 
Front Plate 
Figure 3.5 - Basic flapper valve design 
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The flow through the flapper valve is dependent on both the valve's "effective orifice 
area" and the pressure differential place across it. The valve is usually engineered so 
that the restrictive orifice in the design is the cylindrical area formed between the two 
plates, with a diameter equal to the pitch circle diameter of the holes in the plate and a 
length equal to d. When this is done the effective orifice area, and therefore the flow 
through the valve, can be increased by increasing the separation between the two 
plates. With this in mind, the adjustable flapper valve was designed so that the 
separation between the two plates could be varied by a screw and gearing mechanism. 
This gearing in combination with a small pitch on the screw thread ensured that the 
appropriately small adjustments in the plate separation could be easily achieved. The 
gearing was turned using a finger operated crank. Three revolutions of the crank 
resulted in the separation between the two plates changing by 0.01 mm. This 
arrangement gave precise control over the air flow through the valve. The location of 
the adjustable air flapper valve can be seen in figure 3.3. Enlarged detail of the 
important parts of the adjustable flapper valve is shown in figure 3.6. The terminology 
used in this figure is consistent with that of figure 3.5. 
Rotate to decrease d 
"Front Plate" 
Flapper 
"Back 
Maximum distance d 
Greatest air flow 
Gear Wheel 
Rotate to increase d 
Threaded 
Shaft 
Pin - to stop 
back plate 
rotating 
To the combustion chamber 
Distance d = 0 
No air flow 
Figure 3.6 - Schematic of the adjustable air flapper valve 
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3.2.3.5 Optical Access to the Combustion Chamber 
The combustion chamber was modified to have optical access via an 85 mm long, 
fused silica cylinder. The cylinder had an internal diameter of 88.9 mm and a wall 
thickness of 12 mm. The cylinder was located between two stainless steel plates with 
gaskets made of a 2 mm thick ceramic blanket material providing a soft seal. The two 
plates were kept at the correct separation by four rods. Once the plates were tighten 
down onto the rods, the correct pre-Ioad on the ceramic gaskets was automatically 
ensured and the cylinder was held in place by the compression load place upon it. 
This arrangement provided a robust housing for the silica cylinder onto which other 
combustor components could be attached. The fused silica cylinder housing, in 
combination with two flanged stainless steel chambers, formed the combustion 
chamber. With various combinations and arrangements of both plates and chambers, 
all parts of the combustion chamber could be provided with optical access. A 
simplified engineering drawing of the optical accessed combustion chamber is shown 
in figure 3.7, with the different positions of the optical section also illustrated in 
figure. All the metal joints of the combustion chamber assembly were sealed using a 
standard automotive, high temperature, liquid gasket compound. Throughout the 
testing performed for the parametric study (chapter 4), the optical section was located 
at the upstream end of the combustion chamber, i.e. in the "forward" position shown 
in figure 3.7. 
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Figure 3.7 - Schematic of the optically accessed Helmholtz pulse combustor 
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3.2.3.6 Variable Tailpipe Length 
The tailpipe was sectioned so that its length could be varied between 0.9 m and 2.4 m 
in steps of 0.3 m. The tailpipe sections were screwed together to give the required 
tailpipe length. The internal surface across the junctions remained flush. The outlet 
end of the tailpipe consisted of two 90° pipe bends, which brought the tailpipe exit 
above the surface of the cooling water. It was found that the small additional flow 
losses associated with this arrangement had no noticeable effect on the combustor's 
performance. All joints in the tailpipe assembly were sealed using a high temperature 
silicone compound. 
3.2.3.7 Water Cooling 
The exterior metal surfaces of the combustor were cooled with water. A small tank 
was constructed to contain the mixing chamber and any combustion chamber sections 
that were upstream of the optical section. A larger tank contained the remaining 
downstream combustion chamber sections and the tailpipe assembly. With this 
arrangement, optical access to the optical section was maintained. The dimensions of 
these two tanks are contained within table 3.2. A schematic of the combustor and 
water tanks is shown in figure 3.8. 
The water within the tanks was circulated using two domestic central heating pumps. 
The direction of the circulation was as indicated in figure 3.8. A heat exchanger was 
incorporated into the water circuit to enable the temperature of the water to be 
stabilised. A large water storage container and various gate valves allowed the water 
within the tanks to be drained, so that adjustments could be made to the combustor, 
before the water was then pumped back up into the tanks. To reduce unnecessary 
combustor running time, two standard 3 kW immersion heaters were fitted to the 
tanks so that the water could be electrically heated up before starting an experiment. 
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Small Tank 
Large Tank 
Length (m) 
0.4 
2.4 
Width (m) 
0.25 
0.25 
Table 3.2 - Dimensions of the water tanks 
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Water Depth (m) 
0.25 
0.25 
Water Volume (m3) 
0.025 
0.150 
Air Intake 
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Figure 3.8 - Schematic showing the pulse combustor and water tanks. The 
tail pipe had a "snorkel" end to bring the outlet above the water surface. The plan 
view shows how the water was circulated around the tanks. (Please note for 
clarity the schematic has been simplified - for instance the gas flapper valve is 
not shown.) 
44 
3.2.3.8 Other Modifications 
To start the pulse combustor an ignition source was needed downstream of the flame 
trap. A "boiler plug," consisting of a ceramic body with one long electrode protruding 
out, was used. The entire electrode, except the tip, was housed within a ceramic tube 
and positioned within the plate downstream of the flame trap. The tip of the electrode 
is illustrated within figure 3.4. With this arrangement, a spark could be generated 
between the electrode tip and the combustor body, thereby igniting the gas/air 
mixture. 
Pulse combustors are inherently noisy devices. An unsilenced pulse combustor, of a 
similar size to that reported in this investigation, produced a sound pressure level of 
110 dBA. With simple expansion chambers ("decouplers") fitted to both the air inlet 
and the tailpipe outlet this level was reduced to 62 dBA [I]. With this improvement in 
mind, an air decoupler was fitted to the current pulse combustor. It had been noted 
that the air flapper valve generated the majority of the noise produced by the pulse 
combustor. This observation, combined with the additional safety implications of 
fitting a large chamber to the end of the tailpipe, precluded the use of a tailpipe 
decoupler. The air decoupler consisted of a metal drum, 360 mm long with an internal 
diameter of260 mm, with an inlet pipe, 750 mm long and 28 mm diameter. The outlet 
of the drum was connected directly to the top of the air intake (see figure 3.3). The 
design of the decoupler followed the work of Vishwanath [78]. 
To start a pulse combustor an airflow through the combustor is required. In 
commercial units, this is generally provided by an electric fan. To allow greater 
control, the current combustor was fitted with a supply of compressed air. The air was 
delivered, via a control valve and a length of copper tube, to a location a few 
millimetres downstream of the air flapper. 
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3.3 The Test Rig and Apparatus 
3.3.1 Support Frame 
The pulse combustor, water tanks and additional equipment were all supported on a 
purpose built steel frame. This frame held the combustor, in particular the fused silica 
cylinder, at a convenient height for conducting the optical measurements. A large 
screw mechanism allowed the whole combustor to be moved lengthways relative to 
the support frame. This feature saved considerable time when the optical 
measurements were taken, since different regions of the combustion chamber could be 
imaged without constantly realigning the laser sheet and camera. 
3.3.2 Methane Delivery and Flow Rate Measurement 
For all the tests reported in this work, the pulse combustor was operated at a heat 
input of 10 kW with methane gas as the fuel. The methane was 99.5% pure with a 
calorific value of37.8 (±2%) MJ/m3 (dry methane at ISoC and atmospheric pressure). 
A high-pressure cylinder, fitted with a regulator, provided the source of methane. The 
flow rate was metered using a calibrated rotameter and choked nozzle arrangement. 
The nozzle prevented the inherent flow unsteadiness present in the fuel line from 
producing erroneous flow measurements upstream in the rotameter. 
Since the rotameter was calibrated for use with flows at atmospheric pressure and 
ISoC, corrections had to be made to account for the higher operating pressures 
encountered when the rotameter was used in conjunction with the choked nozzle. The 
correction formula used was: 
(3.1) 
where, F is volumetric flow, P is absolute pressure, T is absolute temperature and the 
subscripts 0 and I refer to the calibrated and measurement conditions respectively. 
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A simple nozzle was manufactured by silver soldering a brass plate across the inside 
of one of the gas line fittings and then drilling a small hole in the plate. By trial and 
error, it was found that a 0.8 mm diameter hole resulted in choked flow at the required 
gas flow rate and inlet pressure. The inlet pressure to the rotameter was controlled 
using the regulator fitted to the methane cylinder. The inlet and outlet nozzle 
pressures were measured using Druck, 5 bar range, pressure transducers. The inlet 
nozzle pressure was maintained at 2.655 bar (abs.). This produced a pressure ratio 
across the nozzle of 0.38. With a critical pressure ratio for methane of 0.5457 [79], the 
nozzle was therefore choked. 
3.3.3 Exhaust Gas Anal ysis 
The flow visualisation study (chapter 5) required the introduction of solid seeding 
particles into the airflow entering the pulse. This, combined with the problems 
associated with measuring a self aspirating and unsteady air flow, necessitated an 
indirect method of calculating the air/fuel ratio of the reactants entering the pulse 
combustor. This was achieved by using a Richard Oliver Multigas analyser to 
measure exhaust concentrations of CO2, CO, 02 and hydrocarbons and then 
employing the Spindt method [80] to calculated the initial air/fuel ratio. The 
individual multgas analysers and calibration gas concentrations are presented in 
table 3.3. The Multigas analyser was principally used within the university as an 
exhaust gas analyser for internal combustion engine research. The calibration gases 
were therefore suited to this application, where concentrations of CO and 
hydrocarbons are measured in thousands ofppm. Clearly, for measurement of the low 
concentrations of CO and hydrocarbons, typically present in the emissions from pulse 
combustors, these calibration gases were far from ideal. However, it was felt that the 
CO measurement had value inasmuch as it gave an indication of the completeness of 
the combustion process. Errors present in this measurement had an insignificant effect 
on the air/fuel ratio calculation, which was mainly dependent on the larger 
concentrations of CO2 and 02. Initial runs showed that the hydrocarbon measurement 
was typically below 5 ppm and never rose above 15 ppm. Due to cost constraints, the 
hydrocarbon analyser, which continually bumt a hydrogenlhelium mix, was 
47 
deactivated during the entire parametric study. This again had an insignificant impact 
on the air/fuel ratio calculation. 
Analyser Span gas and concentration Zero gas 
Oxygen (paramagnetic) 20.95% O2 (+/-2.5%) N2 
Carbon dioxide (infrared) 16% CO2 (+/-2.5%) N2 
Carbon monoxide (infrared) 8% CO (+/-2.5%) N2 
Hydrocarbons (flame ionisation) 3500 ppm C3Hs (+/-2.5%) N2 
Table 3.3 - Calibration gases for the multi gas analyser 
The exhaust gases were sampled 600 mm upstream from the tail pipe exit. This was 
sufficient to prevent the sample from being diluted by air introduced through the 
tailpipe exit at times of flow reversal. The sample was drawn into a heated sample line 
through a stainless steel probe which was positioned axially in the tailpipe and facing 
the on coming flow. The sample was dried before the concentrations of O2, C02 and 
CO were measured. The CO results were normalised by combining with the CO2 
measurement in the form of the ratio CO/C02. 
3.3.4 NOx Measurement 
A chemiluminescence NOx gas analyser (Signal 4000VM) provided measurements of 
both NO and NOx concentrations. It was assumed that NO and N02 formed the major 
constituents of the NOx measurement. The analyser was calibrated with 20.0 ppm NO 
and 20.8 ppm NOx (both concentrations +/- 0.2 ppm) and zeroed with nitrogen gas. 
After the stainless steel probe, as described in section 3.3.3, part of the sample was 
drawn off into a separate heated line and analysed, in a wet form, in the NOx analyser. 
The NO and NOx measurements were corrected for the varying degrees of excess air 
dilution by converting them to a dry, 3%02 basis [30]. 
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3.3.5 Pressure Measurement and Analysis 
A piezoresistive transducer (Kistier type 4045A) and amplifier, combined with an 
analogue to digital converter, allowed the absolute pressure within the combustion 
chamber to be measured and then recorded onto a computer hard drive. The drift of 
the AID converter was regularly checked using a calibrated voltage source; it was 
always found to be negligible. The transducer could not be coupled directly to the 
combustion chamber due to the surrounding cooling water. It was therefore attached 
via a purpose built fitting. The fitting was 120 mm long with a 2 mm diameter hole 
drilled down the centre. The fitting screwed into a boss on one of the metal 
combustion chamber sections and the transducer was attached to the opposite end. In 
this way, the transducer element was connected to the combustion chamber 
environment via the hole down the centre of the fitting. 
Each pressure recording consisted of 32768 samples taken at 200 IlS intervals. This 
typically resulted in 200 to 300 samples per pulse combustion cycle. The pressure 
recording was subsequently processed using a Quick Basic program to produce the 
required pressure and frequency data. The processing initiallY.involved 'chopping' the 
ends of the recording so that it contained an integer number of complete pressure 
cycles. This was achieved by searching for the crossing of the pressure signal about 
the atmospheric pressure level and thereby finding the start of the first complete 
pressure cycle and the end of the last complete pressure cycle. The resulting processed 
pressure recording (referred to hence forth as the pressure recording) was then used 
for all the subsequent calculations; namely: 
i) Mean pressure: The mean value of the pressure recording. 
ii) Mean peak pressure: The highest pressure attained during each pressure cycle was 
found, taking care to avoid any spurious signals, and then a mean value calculated. 
iii)Coefficient of variation of the peak pressure: The standard deviation of the peak 
pressures (Ppeak) about the mean value. The result then divide through by the mean 
peak pressure i.e. 
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stdev(Ppoak) 
COV(P poak) = ~==='-"-­
Ppoak 
(3.2) 
iv)Mean operating frequency: The total time of the pressure recording divided by the 
number of pressure cycles contained within it. 
v) Coefficient of variation of the frequency: The instantaneous frequency for each of 
the pressure cycles was calculated from the cycle time, t.:ycle. The cycle time 
corresponded to the time interval between the downward crossing of the pressure 
signal about the mean pressure value. The standard deviation of this instantaneous 
frequency about the mean instantaneous frequency, with the result then divided 
through by the mean instantaneous frequency, gave the coefficient of variation: 
CO V (t) = stdev(Ij t ",01, ) 
(1/ tCYcle ) (3.3) 
3.3.6 Temperature Measurement 
K-type thermocouples were used to measure the temperature of the water within the 
water tanks and the temperature of the methane gas at the choked nozzle. The 
temperature of the water was measured in the small water tank. The circulation of 
water was sufficient for the water temperature to be essentially constant throughout 
the entire water circuit. After an initial drop, the methane gas temperature stabilised at 
a temperature typically 4°C below that of the ambient air. This constant gas 
temperature was achieved during the warm up period of the combustor. 
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3.4 Preliminary Testing of the Pulse Combustor 
3.4.1 Starting the Combustor 
With all the modifications to the combustor completed and with a 1.5 m long tailpipe 
fitted, an attempt was made to start the combustor. Initially this proceeded through a 
trial and error phase while the correct settings of the air flapper valve and stagnation 
plate were found. The combustor started most easily with a stagnation plate distance, 
x, of 30 mm. The starting of the combustor was dependent, to a certain extent, on 
experience but the basic procedure was as follows: 
I. The stagnation plate was positioned at distance x of 30 mm (see figure 3.4) and 
the air flapper valve was adjusted to a setting which would result in a relative 
air/fuel ratio of approximately 1.4. 
2. The compressed air valve was slightly cracked open so that an air stream would 
flow through the combustor. 
3. The spark plug was switched on. 
4. The methane cylinder valve was opened. Using the cylinder regulator, the gas 
pressure to the choked nozzle was increased to the required pressure. Before this 
point had been reached the methane/air mixture had usually ignited and irregular 
pressure pulsations begun. 
5. The compressed air flow to the combustor was gradually reduced. With the 
correct air flapper valve setting the pulsations would increase in strength and 
become regular. The compressed air flow could then be completely stopped. 
6. With the combustor operating, the spark plug could then be switched off. 
If the combustor failed to start within a reasonable time the methane flow was shut 
off and the combustor completely purged with air using the compressed air line. 
Another attempt to start the combustor could then be made. 
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Initial checks of the carbon monoxide content in the exhaust gases showed that the 
level was below 100 ppm. This indicated that the pulse combustor was operating 
satisfactorily enough to permit further testing. 
3.4.2 Time to Reach Thermal Equilibrium 
Once started, the combustor took a certain amount of time to reach thermal 
equilibrium. During this time, the operating characteristics changed substantially. 
Before the parametric testing program could begin (see chapter 4), it was necessary to 
investigated how long the combustor had to be operated before thennal equilibrium 
was achieved and meaningful measurements could be taken. The combustor was 
therefore tested from cold with pressure recordings taken at regular intervals. Prior to 
the test, the cooling water in the tanks was heated electrically to 40°C (+/- 0.5°C) and 
then maintained constant throughout the test. The combustor was operated at a 
relative air/fuel ratio of 1.4. The change in mean peak pressure and operating 
frequency of the combustor through the test is shown in figure 3.9. From the graph, it 
is apparent that thermal equilibrium is 'essentially achieved after 70 minutes of 
running time. From the first measurement point to thermal equilibrium the operating 
frequency and mean peak pressure both increased by approximately 1.7 percent. 
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Figure 3.9 - Operating time before the combustor reaches thermal equilibrium 
During the parametric study, the operating envelope of the combustor was mapped out 
for a range of tailpipe lengths. The operating envelope corresponding to a particular 
tailpipe length was investigated during a single test run, this typically took about four 
hours to complete. During each test run, the stagnation plate position and air/fuel ratio 
were varied systematically. The edge of the operating envelope was generally found 
when the combustor stopped. Before the parametric study was started it was therefore 
necessary to find out the answers to the following two points: 
1. After changing either the stagnation plate distance or air/fuel ratio, how long must 
the combustor be left running before the performance stabilises? 
2. If the pulse combustor cuts out and then is immediately restarted (typically taking 
about 30 seconds), how long must the combustor be left to run before thermal 
equilibrium is re-established? 
53 
Figure 3.10 shows the effects of changing both the stagnation plate distance and 
air/fuel ratio on the perfonnance of the combustor. The combustor was operated at a 
relative air/fuel ratio of 1.4 and a stagnation plate distance of 30mm while thennal 
equilibrium was achieved. After 67 minutes, the relative air/fuel ratio was decreased 
to 1.3 and the stagnation plate distance increased to 60mm. This change took about I 
minute to put into effect and then the next pressure recording was immediately taken. 
From figure 3.10, it is apparent that the combustor perfonnance is stable immediately 
after the change has been completed. After 78 minutes, the combustor was returned to 
the original setting and again the perfonnance was immediately stable. During the 
parametric study it was, therefore, possible to record the measurements immediately 
after the change between operating parameters had been accomplished. Note that the 
step change in perfonnance shown in figure 3.10 is considerably greater than was 
encountered during the parametric study. 
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Figure 3.1 0 - Effect on the combustor stability of changing the stagnation plate 
position and relative air/fuel ratio. 
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Figure 3.11 shows the effect on the perfonnance when the combustor was stopped and 
then immediately restarted. The results presented in figure 3.11 are a continuation of 
the results shown in figure 3.9. At 90 minutes the combustor was stopped and then 
restarted. The next measurement at 92 minutes shows a slight drop in both operating 
frequency and mean peak pressure amplitude. However, by 100 minutes of running 
time, 10 minutes after the combustor was restarted, these parameters have regained 
their initial levels. 
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CHAPTER 4 
PARAMETRIC STUDY OF THE HELMHOLTZ PULSE COMBUSTOR 
4.1 Introduction 
At the start of the experimental investigation, a parametric study was performed to 
characterise the response of the pulse combustor to chaoges in the stream-wise 
position of the stagnation plate. This chapter details that study. The variables 
contained within the parametric study were: stagnation plate distaoce x; air/fuel ratio; 
aod tailpipe length. The study was conducted by mapping out individual operating 
envelopes, with stagnation plate distaoce aod air/fuel ratio as the variables, across a 
raoge oftailpipe lengths. 
The majority of this chapter is involved with the discussion of the results obtained 
during the parametric study. The response of the combustor, as the stagnation plate 
position was varied, is presented in terms of operating frequency, peak pressure 
amplitude, stability, tailpipe emissions of NO x aod N02INOx ratio. 
The close of the chapter is concerned with the selection of several combustor 
configurations to be taken forward for further study using the laser diagnostic 
techniques. The results obtained during these further studies are presented in the next 
two chapters. The information provided by the parametric study provided the base 
data necessary to interpret the results obtained from these further studies. 
4.2 Experimental Procedure 
The pulse combustor aod test rig used in the parametric study was as described in the 
previous chapter. The points relating to the attainment of thermal equilibrium, 
discussed in section 3.4.2, were incorporated into the structure of the experimental 
procedure. 
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Throughout the entire parametric study, the combustor was fuelled on methane gas 
(99.5% purity), at a heat input rate of 10 kW. At the start of each testing run the 
combustor was operated for 70 minutes to ensure that thermal equilibrium had been 
reached and reliable measurements could be recorded. The cooling water in the tanks 
was maintained at 40°C (±0.5°C) throughout the test period. The emission analysers 
were calibrated and checked regularly throughout the testing. Any slight drift. 
(assumed linear with time) in the analysers was then corrected for in the post 
processing of the emission data. With thermal equilibrium attained the first set of 
measurements were recorded. The combustor was then altered to the next 
configuration and the next set of measurements recorded. The variables altered during 
the test were the stagnation plate distance, x, which was changed in steps of 5 mm and 
the relative air/fuel ratio, which was altered in steps of 0.1. If the limit of the 
combustor's operating envelope was found and the combustor stopped, the combustor 
was re-started immediately, set to the next configuration and run for twenty minutes 
before the next set of measurements were recorded. This ensured that thermal 
equilibrium was re-established. In this way a complete map of the combustor's 
operating envelope was established, with a set of measurements recorded at each 
location. All the measurements corresponding to the operating envelope for a 
particular tailpipe length was completed during a single test run. When this had been 
completed the tail pipe length was changed and the new operating envelope mapped 
out. 
4.3 Results and Discussion 
4.3.1 Introduction 
The operating envelope of the pulse combustor was mapped out for four tailpipe 
lengths. These tailpipe lengths were 1.5 m, 1.8 m, 2.1 m and 2.4 m. With a 1.2 m long 
tailpipe, the combustor's performance was too unstable to allow the recording of any 
meaningful measurements. Due to the size constraints of the large water tank it was 
not possible to perform tests with a tailpipe longer than 2.4 m. However, there was no 
reason to doubt that the combustor would have operated successfully with a longer 
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tailpipe. The four operating envelopes are shown in figure 4.1 (a-d). Within each 
envelope, a shaded square indicates a position at which a set of measurements was 
recorded. The dark bordered strips represent the sample points that were selected for 
discussion within this chapter. Within each envelope, the selected points represented 
the largest range of stagnation plate distance possible, under conditions of constant 
air/fuel ratio. These points were selected to allow the effects of stagnation plate 
position on the combustor's performance to be illustrated. The sample points selected 
for discussion are summarised with table 4.1. 
Tailpipe Heat Input ReI. AIF Stagnation Plate 
Length (m) (kW) Ratio {I,-2 Distance (x) Range 
1.5 10 1.4 10 mm to 85 mm 
1.8 10 1.5 15 mm to 85 mm 
2.1 10 1.6 15 mm to 70 mm 
2.4 10 1.6 20 mm to 70 mm 
Table 4.1 - The sample points selected to illustrate the effects of stagnation plate 
position on the performance of the pulse combustor 
To allow further analysis of the measurements collected during the parametric study, 
the full data set has been tabulated and is contained within the Appendix A. 
Of further interest in the parametric study was the variation in the perfonnance of the 
combustor due to changes in the air/fuel ratio, while maintaining a constant stagnation 
plate distance. It was felt that this area of the combustor's performance was not of 
central importance to the current investigation and was therefore not included within 
the main body of this thesis. However, a short discussion of these effects is contained 
within Appendix B. 
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Figure 4.I(c) - Operating envelope obtained when the pulse combustor was fitted with a 2.1 m long tailpipe 
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Figure 4.1 (d) - Operating envelope obtained when the pulse combustor was fitted with a 2.4 m long tail pipe 
4.3.2 Operating Frequency, Peak Pressure Amplitude and the Rayleigh Criterion 
The effect of increasing the stagnation plate distance on the perfonnance of the pulse 
combustor is presented in figure 4.2, with the trends of operating frequency and mean 
peak pressure amplitude plotted for each of the four tailpipe lengths. The measured 
values contained within this figure correspond to the sample points detailed in 
table 4.1. For all the tailpipe lengths, increasing the stagnation plate distance resulted, 
initially, in an increase in peak pressure amplitude, until a peak value was attained. 
Only for 1.5 m and 1.8 m tailpipe cases did the combustor continue to operate and 
allow the stagnation plate distance to be increased· further. This then produced a 
decrease in the peak pressure amplitude. For all tail pipe lengths, the operating 
frequency fell throughout the entire increase in stagnation plate distance. 
By using the Rayleigh criterion to interpret these trends, it is apparent that, before the 
stagnation plate distance was increased, the effective heat release point within the 
cycle occurred before the attainment of peak pressure within the combustion chamber. 
When the stagnation plate distance was increased, the mixing between the incoming 
reactants and the residual gases was reduced/delayed (see section 2.3) and 
subsequently the heat release within the combustion chamber was delayed. This 
improved the correlation between the heat release and the pressure peak, which 
resulted in the peak pressure amplitude being driven to a higher value. For the 1.5 m 
and 1.8 m tailpipe configurations, a maximum in the peak pressure amplitude was 
achieved at between 55 mm and 60 mm stagnation plate distance. At this distance, the 
effective heat release point was coincident with the peak pressure. A further increase 
in stagnation plate distance then resulted in the effective heat release point lagging the 
pressure peak and the peak pressure amplitude reduced. As will be seen in 
section 4.3.3, operation in this region became progressively more unstable. The fall in 
operating frequency throughout the increase in stagnation plate position is also 
consistent with the Rayleigh criterion. 
Similar trends of operating frequency and pressure amplitude have been seen 
previously [12]. In another work, the delay of the heat release was achieved by 
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diluting the reactants with nitrogen and the trends were again readily explained using 
the Rayleigh criterion [21]. 
The results presented in figure 4.2 also show that ·the rate of frequency decrease 
gradually reduced as the stream-wise position of the stagnation plate was increased. 
This is partially an effect of the Rayleigh criterion, since as the point is approached 
where the heat release is coincident with the pressure peak the rate of change of 
frequency decreases to zero. However, it seems likely that an additional contribution 
to this trend resulted from the stagnation plate becoming increasing less effective at 
further delaying the heat release, as it is moved further away from the combustion 
chamber inlet. 
Figure 4.2 also shows that the achievable frequency range reduced with increasing 
tailpipe length. With a 2.4 m long tailpipe, after an initial fall, the frequency remained 
essentially constant as the stagnation plate position was increased from 30 mm 
onwards. This is in contrast to the frequency range of 67 to 45 Hz obtainable with the 
1.5 m tailpipe. These trends indicate that the stagnation plate produced a smaller 
phase shift of the heat release at the longer resonance times. The virtually constant 
operating frequency observed at the longer tailpipe lengths is an important element in 
the discussions in later chapters. Since the fuelling rate to the combustor remained 
constant at all times, a constant operating frequency implies that the amount of 
reactants entering the combustor per cycle also remained constant. 
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4.3.3 Stability Results 
When the pressure signal from the combustion chamber was observed live on an 
oscilloscope, it became apparent that the "pressure wave" varied in both amplitude 
and frequency from one pulse combustion cycle to another. This variation generally 
consisted of a lower frequency beating of the pressure signal. 
The stability of the combustor was quantified by calculating the coefficient of 
variation of both the peak pressure amplitude and the operating frequency (see 
section 3.3.5). 
The effect of stagnation plate distance on the stability of the combustor is shown in 
figure 4.3, with plots of both COV(Ppeak) and COV(t). For the four tailpipe lengths, 
the most stable operation occurred at stagnation plate distances of between 20 mm and 
40 mm, i.e. with the effective heat release point preceding the resonant wave peak. 
From the plots of COV(P peak), it is clear that in the 1.5 m and 1.8 m cases, as the heat 
release was delayed so that it lagged the resonant wave peak, the instability rose 
significantly. As will be discussed later, CO emission in these regions increased 
significantly. This indicated less complete combustion and hence suggested that the 
pulse combustion process was becoming increasingly impaired. For all the tests 
conducted, the most stable pulse combustion occurred when the pulse combustor was 
fitted with a 1.5 m tailpipe and operated with a relative air/fuel ratio of 1.4 and a 
stagnation plate distance of between 25 and 30 mm. 
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4.3.4 Pressure Waveforms 
Each pressure recording contained up to 300 pulse combustion cycles and it was 
therefore possible to produce a representation of a mean pressure cycle. This was 
achieved by first defining the start of each new cycle as the downward crossing of the 
pressure signal across the calculated mean. By then overlaying all the pressure cycles 
and time binning each of the pressure samples, an ensemble mean pressure cycle 
could be generated. The overlaid pressure cycles, themselves, provided a visual 
representation of both the pressure cycle waveform and the degree of variability 
present. 
Figure 4.4 shows an example portion of a pressure sample. Detail within each 
pressure cycle can be seen in the top half of the figure, whereas the bottom half shows 
the variability in pressure amplitude over approximately 60 cycles. A calculation of 
the ensemble mean pressure cycle is shown in figure 4.5. Clearly, the structures 
present in the calculated ensemble mean pressure cycle are also present in the 
individual pressure cycles of figure 4.4. 
Figures 4.6(a-d) shows the effects of stagnation plate distance on the shape of the 
ensemble mean pressure cycle for each of the tailpipe lengths. In each set of plots, the 
cycle time of each pressure wave increases (i.e. the frequency falls) with increasing 
stagnation plate distance. If figure 4.6(a) is considered first, clearly there are higher 
harmonics present within the fundamental frequency of the pressure wave. These 
manifest themselves as small undulations upon the pressure wave. As the stagnation 
plate was moved into the combustion chamber and the timing of the heat release 
changed, the relative size of these undulations changed as the different harmonics 
present were. excited to a greater or lesser extent. For instance, at a stagnation plate 
distance of 30 mm, the crest of the pressure wave is composed of two equal sized 
peaks, whereas at 55 mm, the positive part of the wave begins to resemble a 'saw-
tooth' profile. This 'saw-tooth' profile has been seen previously [64]. A similar twin 
peak pressure crest has also been reported previously by Keel and Shin [10]. They 
attributed the formation of the first peak to the main combustion event and the second 
peak to the later re-inflow of air (due to its compressibility) from the inlet to the 
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combustion chamber. However, this mechanism is inadequate to fully explain the 
trends seen in figure 4.6(a). 
Similar waveform trends, to those for the 1.5 m configurations, can be seen in figures 
4.6( c-d), with a gradual shift of the characteristics to shorter stagnation plate distances 
as the tailpipe length is increased. For instance, the appearance within the pressure 
wave crest of two equal sized of peaks, occurs at a stagnation plate distances of 
30 mm, 20 mm and 15 mm, as the tailpipe length increases from 1.5 m through to 
2.1 m. There is no appearance of double peaks for the 2.4 m tailpipe configuration. 
The operating frequency trends, observed within figure 4.2, can also be seen within 
figures 4.6(a-d). 
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4.3.5 Relationship NOxand N02INOx and Stagnation Plate Distance 
Figure 4.7(a) shows the effects, when the combustor was fitted with a 2.4 m tailpipe 
and operated at a relative air/fuel ratio of 1.6, of varying the stream-wise position of 
the stagnation plate on tailpipe emissions of NO, N02 and total NO •. Also shown are 
the ratios CO/C02 and N02INO •. It is apparent from the figure that NO. emissions 
rose as the stagnation plate distance was increased e.g. NO. emissions almost triple 
from 5 ppm to 14 ppm as the plate position is increased from 20 mm to 70 mm. It can 
also be seen that the contribution to these NO. emissions from N02 decreased as the 
stagnation plate distance was increased. The CO/C02 ratio remains consistently low, 
indicating that the combustion remained satisfactory over the whole range of 
stagnation plate positions. 
To explain the trend of increasing NO., it is necessary to reconsider the mean pressure 
waveforms presented in figure 4.6( d). It is evident, after an initial change, that the 
shape of pressure waveforms during negative phase remains virtually unchanged as 
the stagnation plate distance increases. The negative phase determines the velocity 
profile of the fresh reactants as they enter the combustion chamber. Therefore, 
throughout the injection period, the fresh reactants entered the chamber with 
essentially the same velocity regardless of the stagnation plate position. With a 
virtually constant operating frequency (see figure 4.2), the mass of reactants entering 
the combustion chamber per cycle and the timing of the onset of rapid combustion 
will also have both remained unchanged as the stagnation plate was moved into the 
combustion chamber. It is proposed here that it is the amount of mixing generated by 
the stagnation plate, prior to rapid combustion, that determines the quantity of NO. 
formed. As the stagnation plate distance was increased the reactants reached the plate 
later within the cycle and the onset of the mixing process between the reactants and 
the residual gases was delayed. Therefore, the amount of mixing that occurred before 
rapid combustion began was reduced as the stagnation plate was moved further into 
the combustion chamber. It was thought that this produced a more compact 
combustion zone with a lower surface area between the combusting reactants and the 
residual gases. The net mixing and net heat transfer between these regions both 
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decreased, thus producing an increase in both combustion temperature and residual 
time, and hence, an increase in the formation of NO,. 
The changing mixing field also helps to explain the observed N02INOx trend. It is 
generally accepted that N02 is produced, in cooler flame regions, by the oxidation of 
NO with H02 radical (see section 2.5.3). Since increasing the stagnation plate position 
reduced the mixing between reactants and cooler residuals then it must be concluded 
that the conditions necessary for the oxidation of NO to N02 became increasingly less 
favourable. This resulted in a smaller N02 contribution to the total NO, at larger plate 
distances. 
Figure 4. 7(b) presents the emission data for the combustor operating with a 1.5 m 
long tailpipe and at a relative air/fuel ratio of 1.4. Comparisons of these results with 
those of Figure 4.7(a) show some clear differences. Firstly, the NOx emissions 
decrease as the stagnation plate position increases. Secondly, the contribution to the 
NOx emissions switches from predominately NO at low stagnation plate positions to 
almost entirely N02 at larger plate positions - producing a rapid increase in N02/NOx 
ratio. Finally, the CO/C02 ratio begins to rise significantly as the stagnation plate 
increases past 55 mm. 
The reversal in the NO, trend between the 1.5 m and 2.4 m tailpipe configurations 
was an unexpected finding during this PhD work. Its explanation fonns a significant 
portion of the discussions in the following two chapters. In this chapter, the following 
explanation has been limited to the information provided by the parametric study. 
Several mechanisms are proposed which would tend towards reversing the NOx trend 
observed with the 2.4 m tailpipe and thus produce the slight reduction in NOx 
emissions observed at the shorter tailpipe length of 1.5 m. The mechanisms are as 
follows: 
a) The NOx trend encountered with the 2.4 m tail pipe configurations was explained 
in terms of the time between the onset of mixing and the commencement of rapid 
combustion. As the stagnation plate distance was increased it was argued that the 
time available for mixing, between the reactants and residual gases, decreased and 
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this ultimately led to an increase in NOx formation. With the 1.5 m tailpipe 
configurations, the duration of the mixing process is complicated by an additional 
factor, that is the timing of the heat release. With the 2.4 m tailpipe, the heat 
release timing was considered to be unchanged across the range of stagnation 
plate distances. This is not the case with the 1.5 m tailpipe configurations. As the 
stagnation plate distance was increased the operating frequency dropped 
substantially and this indicated that the heat release within the cycle was being 
significantly delayed. The increasing heat release delay, within a progressively 
longer cycle, prolongs the time available for mixing before rapid combustion 
ensues. This has the potential to counter the effects of a delay in the 
commencement of the mixing process by allowing the mixing, one started, to 
continue for longer. 
b) The lower relative air/fuel ratio of the 1.5 m configurations, resulted in a lower 
mean stream-wise velocity (V mean) of the gases through the combustor. With the 
increased mean peak pressure amplitude encountered at larger stagnation plate 
distances, this lower V mean, would have lead to a greater rise in heat transfer rates 
from the combustion chamber and hence a greater reduction in residual gas 
temperature (see section 2.4). From the work of Keller, the fonnation of NO 
within a pulse combustor was shown to be intimately connected to the temperature 
of the residual gases [11]. Therefore, the greater reduction in residual gas 
temperature, encountered with the 1.5 m configurations, would have had a 
stronger negative impact on NO formation rates. 
c) Due to lower mean stream-wise velocities, there is a greater possibility that flow 
reversals within the tailpipe occurred with the 1.5 m tailpipe configurations. If 
flow reversals were occurring then their magnitude would have increased as the 
stagnation plate was moved further into the combustion chamber (due to both 
increasing peak pressure amplitude and decreasing operating frequency). This 
would have introduced progressively more cool .fluid from the tailpipe into the 
combustion chamber. The temperature of this fluid would also have reduced as the 
flow reversal increased. Whilst it is unlikely that this fluid would have entered the 
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combustion zone, it would have had a cooling effect on the combustion chamber 
as a whole. This process would have tended to reduce NO fonnation at the larger 
stagnation plate distances. 
d) The CO/C02 ratio showed a marked increase when the stagnation plate position 
was increased beyond approximately 55 mm. This implies that the combustion 
was less complete. Incomplete combustion would have resulted in lower flame 
temperatures and hence lower NO formation. 
The sudden rise in the CO/C02 ratio evident In Figure 4.7(b) is coincident to 
operation of the pulse combustor with the effective heat release point lagging the 
resonant acoustic peak. It appears that operation in this region is inherently less stable. 
The increasing instability is evident in the plot of COV(Ppeak) presented in figure 4.3. 
The points raised above help to explain the N02INO. trend seen in Figure 4.7(b). The 
conditions of cooler residual gases at the larger stagnation plate positions were 
increasingly favourable for the oxidation of NO to N02. 
The trend of total NO. emission, measured in a commercially available pulse 
combustor heating system, switching from a predominantly NO content to a N02 
content has been reported previously [81]. It was found that the combination of lower 
fuel rate and higher excess air produced the cool conditions necessary for the 
conversion of NO to N02. 
Figures 4.7(c) and 4.7(d) present the emission data for the combustor operating under 
the 2.1 m and 1.8 m tailpipe configurations respectively. The trends show a gradual 
progression between those discussed previously for the 1.5 m and 2.4 m tailpipes 
configurations. In other words, there is a gradual change, with increasing stagnation 
plate position, from a fall to a rise in NO. emissions as the tailpipe length is increased, 
and the sudden switch to predominately N02 content of the NO. emissions occurs at 
shorter tailpipe lengths. 
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Figure 4.7(a) - Exhaust emission results versus stagnation plate distance. 
Combustor operating with a 2.4 m long tailpipe and at a relative air/fue l ratio of 1.6. 
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Figure 4.7(b) - Exhaust emission results versus stagnation plate distance. 
Combustor operating with a 1.5 m long tailpipe and at a relative ai r/fuel ratio of 1.4. 
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Figure 4.7(c) - Exhaust emiSSion results versus stagnation plate distance. 
Combustor operating with a 2.1 m long tailpipe and at a relative air/fuel ratio of 1.6. 
16 1.0 O.OXl 
• NO 
14 NO, 0.9 0018 
.... NO, 0.8 00 16 ~ 
€ 
12 0 NO,INO, 
~ 0 miCO, 07 0.014 g 
0 10 0.6 0.012 a- B ~ 'E' 0- 8 0.5 2 0010 S .... .... 
0.4 >~ c '" .2 6 ~ .... 000l ... le Il< Il< 
b 0 o· o· § • 0.3 0.006 4 • ~ 0.2 0004 
2 0 D 0.1 0002 
0 0 
0 00 oom 
0 10 Xl 30 40 50 60 70 80 ~ 
St~lOn plate dlStan:t: (x) (mm) 
Figure 4 .7(d) - Exhaust emiSSion results versus stagnation plate di stance. 
Combustor operating with a 1.8 m long tailpipe and at a relative air/fuel ratio of 1.5. 
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4.4 Conclusions 
4.4.1 Parametric Study 
The parametric study provided a vast quantity of data that has proved invaluable in 
gaining an understanding of the operation of the Helmholtz pulse combustor used in 
this study. The major findings can be summarised as follows: 
I) The performance of the combustor in term of operating frequency and pressure 
amplitude can be interpreted in terms of the Rayleigh criterion. 
2) The stream-wise position of a stagnation plate can be used to change the operating 
frequency of a Helmholtz pulse combustor. The achievable frequency range 
reduces as the tailpipe'length is increased. 
3) The most stable pulse combustion occurs when the effective heat release point 
precedes the resonant acoustic peak. Operation with the effective heat release 
lagging the resonant acoustic peak is unstable and produces increased levels 
of eo. 
4) The trend of NOx emissions versus stagnation plate position is dependent on the 
tailpipe length. At shorter lengths, and a lower air/fuel ratio, the NOx emissions 
fall as the stagnation plate is moved downstream. This trend reverses as both the 
tailpipe length and relative air/fuel ratio are increased. 
5) Under certain conditions, the NOx content switches from predominately NO to 
predominately N02. This switch can be explained by mixing with increasingly 
cooler residuals. 
6) From a practical design standpoint, the stream-wise position of a stagnation plate 
can be used to achieve stable pulse combustion. Reductions in NOx emissions are 
often compromised by combustion instability. 
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4.4.2 Selection of Pulse Combustor Configurations for Further Study 
One of the purposes of the parametric study was to gain sufficient knowledge of the 
pulse combustor's perfonnance to allow an infonned decision on which combustor 
configurations to take forward for further study. Clearly, due to time constraints, it 
was not possible to conduct a comprehensive laser diagnostic study across the entire 
operating envelope of the pulse combustor. 
Five configurations were selected for further study. These were: 
I) 1.5 m tailpipe, 55 mm stagnation plate distance and a relative air/fuel ratio of 1.4. 
This configuration was selected since it produced the maximum mean peak 
pressure amplitude when operating at a relative air/fuel ratio of lA. The effective 
heat release point was therefore in phase with the resonant pressure peak. 
2) 1.5 m tailpipe, 30 mm stagnation plate distance and a relative air/fuel ratio of 1.4. 
This configuration produced the most stable pulse combustion seen across the 
whole operating envelope. It also has the same relative air/fuel ratio as 
configuration I. 
3) 1.5 m tailpipe, 15 mm stagnation plate distance and a relative air/fuel ratio of 1.4. 
The major objective of the PhD work was to investigate the effects of the stream-
wise position of the stagnation plate on the perfonnance of the pulse combustor. 
This configuration therefore provided the opposite extreme of stagnation plate 
distance to those chosen above. A stagnation plate distance of 10 mm was not 
selected since it was decided that the higher instability would prohibit accurate 
and consistent measurements. 
4) 2.4 m tailpipe, 55 mm stagnation plate distance and a relative air/fuel ratio of 1.6. 
This configuration was selected to allow the switch in the NO, trend, seen 
between the two extremes of tailpipe length, to be investigated. The 55 mm 
stagnation plate distance also provided a constant inlet geometry to that of 
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configuration I. It was unfortunate that the limits of the operating envelope 
prevented this consistency from being extended to the air/fuel ratio. 
5) 2.4 m tailpipe, 30 mm stagnation plate distance and a relative air/fuel ratio of 1.6. 
This final configuration was selected to have a constant inlet geometry to 
configuration 2. It also provided a comparison to the larger stagnation plate 
distance of configuration 4 
These configurations were chosen to allow the investigation of the effects of the 
stream-wise position of the stagnation plate on the fluid flow, mixing, and combustion 
processes occurring within the entire combustion chamber. It was also hoped that they 
would provided insights into the mecharusms responsible for the NOx and N02INOx 
trends observed during the parametric study. 
A summary of the measurements taken during parametric study which correspond to 
the five selected test configurations are presented in Appendix C. Also included in 
this appendix are ensemble mean pressure wave plots and FFT spectra. 
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CHAPTER 5 
FLOW VISUALISATION STUDY 
5.1 Introduction 
In the previous chapter the results of the parametric study performed on the pulse 
combustor were presented and discussed. The performance of the combustor, in terms 
of operating frequency and peak pressure amplitude, as the position of the stagnation 
plate was varied, was interpreted in terms of the Rayleigh criterion. It was proposed 
that the trends of exhaust gas concentrations of NOx were predominately a function of 
the amount of mixing generated in the inlet region, between the incoming fresh charge 
and the residual gases. It was suggested that a decrease in the amount of inlet mixing 
ultimately leads to an increase in NOx formation. The possibility of additional 
mechanisms, which tend to counter the effects of inlet mixing, were also proposed. 
These·mechanisms affected the NOx formation by increasing heat transfer rates out of 
the combustor and thereby reducing the residual gas temperature. 
At the close of the chapter, five pulse combustor configurations were selected for 
further study. These configurations are summarised in table 5.1. The further study 
employed various laser diagnostic techniques to investigate the pulse combustion 
process occurring within the optically accessed combustion chamber. The first part of 
this investigation, which involved the time-resolved imaging of the flow structures, is 
reported within the current chapter. Flow images were obtained using a high-speed, 
laser-sheet flow visualisation system, consisting of a copper vapour laser 
synchronised with a high-speed CCD camera. By seeding the reactants with flow 
following particles and illuminating them with a pulsed laser sheet, the flows within 
the combustion chamber could be imaged. Primarily the investigation was concerned 
with understanding the effects of stagnation plate position on the flow and mixing 
processes occurring within the combustion chamber. Of particular interest was the 
mixing occurring in the inlet region and the extent, if any, of a flow reversal 
penetrating the chamber from the tailpipe. 
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In the following sections, the experimental apparatus and procedure are initially 
detailed before the flow visualisation results are presented and discussed. The main 
flow features observed during the pulse combustion cycle, and the effect of stagnation 
plate position upon them, is described. Throughout the discussion, the information 
obtained regarding the flow field/mixing processes is used to further interpret the NOx 
emission data presented in chapter 4. 
Combustor Tailpipe Stagnation plate Relative air/fuel 
configuration length (m) distance, x (mm) ratio {Al 
1 1.5 55 1.4 
2 1.5 30 1.4 
3 1.5 15 1.4 
4 2.4 55 1.6 
5 2.4 30 1.6 
Table 5.1 - A summary of the five combustor configuration investigated during the 
flow visualisation study. 
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5.2 Experimental Apparatus and Procedure 
5.2.1 Overview 
The experimental apparatus used during the flow visualisation study can be 
considered as a number of individual systems. A schematic of the basic layout of 
these systems is shown in figure 5.1. The pulse combustor rig providesd the flow to 
be visualised. The laser system generated the intense, rapidly pulsing light source 
needed for illumination and a series of optics fonned the laser beam into a thin sheet. 
The flow into the pulse combustor was seeded and a high speed digital camera, 
synchronised to the laser pulses, imaged the scattered light from the seed material. 
The pulse combustor rig used throughout the flow visualisation studies was as 
described in chapter 3. The details of the additional experimental used will now be 
described. 
5.2.2 Laser System 
An Oxford Lasers copper vapour laser (model LS20-50) was used as the illumination 
source. This type of laser uses copper atoms as the laser medium and produces a 
pulsed light output. The light emission consists of two wavelengths; a green 
component (510.6 om wavelength) and a yellow component (578.2 run). The pulse 
repetition frequency can be as high as 50 kHz, however, during these studies the laser 
was operated at a frequency of 9 kHz. The timing pulse to the laser was provided by 
the digital camera and in this way the two systems were synchronised together. Pulse 
energies from the laser were typically 2 mJ with a pulse width of between 15-30 ns. 
This pulse length effectively 'froze' the motion of the seed material within the 
combustor and allowed a sharp image to be recorded by the digital camera. An 
unstable cavity was fitted to the laser to reduce the divergence of the laser beam and 
thereby allow a higher quality light sheet to be produced by the light sheet optics. 
87 
Mirror directing the 
sheet venically up 
through the fused 
silica cylinder 
Pulse 
combustor 
and tanks 
Silica 
cylinder with 
mirror 
underneath 
Scattered 
laser light 
SIDE VlEW 
Kodak 
camera 
Sheet optics 
Kodak EktaPro 
camera suspended 
above the laser 
beam and sheet 
Cylindrical lens 
(IOOmm f-Iength) 
PLAN VlEW 
Si-convex 
lens (600mm 
f-Iength) 
Copper 
vapour laser 
Optical bench 
Copper 
vapour 
laser 
Mirror 
Laser 
beam 
Mirror 
Optical bench 
positioned under 
the pulse 
combustor 
Figure 5.1 - Schematic of the experimental apparatus used duri ng the flow 
visualisation study 
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5.2.3 Beam Delivery and Light Sheet Optics 
The schematic in figure 5.1 shows the general layout of the light sheet optics and the 
path taken by the laser beam. A dielectric mirror directed the beam from the laser 
down the path of the light sheet forming optics. These optics consisted of a bi-convex 
lens (1500 mm f-Iength) and a piano-convex cylindrical lens (100 mm f-Iength). A 
further mirror directed the developing light sheet vertically upwards so that it passed 
radially through the fused silica cylinder. The thickness of the laser sheet as it passed 
through the imaging region of the combustion chamber was below 0.75 mm. 
Figure 5.2 shows the orientation of the laser sheet as it passed through the fused silica 
cylinder. With the cylinder in the forward position, the stagnation plate and rod 
interrupted the laser sheet. For this reason, in combination with image resolution 
considerations, only the lower half of the flow within the combustion chamber was 
imaged. A preliminary investigation had established the axisymetric nature of the 
flow within the chamber and, therefore, it was assumed that the imaged section of the 
flow was representative of the flows within the entire optical section. Imaging of the 
combustion chamber flows with the cylinder positioned in either the middle or aft 
positions was made more straightforward by a screw mechanism that enabled the 
pulse combustor to be translated in line with its length. This prevented the need for 
constant re-aligning of the sheet optics by enabling the whole pulse combustor, after a 
change in the fused silica cylinder position, to be repositioned so that the laser sheet 
re-entered the cylinder. 
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5.2.4 Flow Seeding 
A considerable amount of literature is available concerning all aspects of seeding 
combusting flows with flow-following particles [82,83,84,85]. Both the laser Doppler 
velocimetry (LDV) and particle image velocimetry (PIV) techniques require the flows 
under measurement to be seeded [86]. The accurate control of various seeding 
parameters, such as seeding density and particle size, is crucial to their successful 
implementation. Fortunately, the seeding requirements for the flow visualisation 
technique used in this study is far less stringent. 
During the flow imaging within the pulse combustor, individual seed particles were 
not resolved. The contrast within the images was produced by variations in seeding 
density. A region of higher seed density scattered more light and was imaged as a 
lighter region against a darker background. When successive images were then 
animated the fluid motion was seen as these lighter (or darker) regions moved and 
changed shape. In the current study, two mechanisms produced the variation in seed 
density needed for successful imaging. The first was a consequence of temperature 
variation within the fluid being imaged. A cooler region of fluid had a higher density 
and therefore contained more light scattering particles. In the pulse combustor, this 
was particularly evident as the reactants entered the combustion chamber. The 
incoming reactants were cooler than the residual gases and therefore appeared brighter 
in the images. As these reactants mixed and burned the variation in seed density, and 
therefore the contrast in the image, disappeared. The second mechanism was 
engineered by the choice of the seed material and the individual particle size. The 
weight of the individual seed particles determined their ability to follow the flow 
structures faithfully. Unlike PIV and LDV the ideal of complete flow-following 
fidelity by the seeding particles was not an advantage. By selecting the seeding size, 
so that the particles did not follow the extreme velocity fluctuations, then variations in 
seed density and therefore contrast in the final image was achieved. In the pulse 
combustor images, this effect can be seen in the flow reversal from the tailpipe. The 
fluid in the flow reversal rotates as it enters the combustion chamber. While the 
particles follow the main flow, they are unable to remain within the centre of the 
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rotating vortex. This results in a lower seed density within that region and enables its 
presence to be seen with the flow images. 
Refractory oxide particles, due to their high melting point, form the basic choice for 
seeding material; of these, zirconium oxide (zr02) has been recommended as the ideal 
for LDV experiments [82]. During this study, a supplier of suitably sized Zr02 
particles could not be found. As the second choice aluminium oxide (Ah03 - referred 
to as alumina) particles were used. It was found that 3 micron diameter alumina 
particles produced the best flow images and this size of particle was therefore used 
throughout the entire flow visualisation study. An advantage of these larger particles 
was their enhanced light scattering efficiency. This reduced the problems associated 
with internal reflections, within the fused silica cylinder, by enabling the camera lens 
to be set with a smaller aperture. 
A common problem with refractory oxide seeding is its tendency to coat the inside of 
optical windows. With this in mind, it was necessary to be able to introduce seeding 
particles rapidly into the flow just before recording the flow images. To achieve this a 
small charge of seed was placed behind a sintered brass filter and suspended within 
the inlet air de-coupler. With a short blast of compressed air, a cloud of particles could 
be introduced rapidly into the air de-coupler. These particles were then drawn through 
the air flapper valve and into the combustion chamber. The images were then 
immediately recorded before the cylinder became significantly fouled with seeding. 
Before the next test could be conducted, the combustor had to be dismantled to allow 
the cylinder to be cleaned. 
5.2.5 Imaging System 
The digital camera used to image the laser light scattered from the alurnina seed was a 
Kodak. Ektapro High Speed Motion Analyser 4540. The 256 x 256 pixel CCD gave an 
8-bit grey scale resolution with a sensitivity equivalent to an ISO 3000 wet film. The 
camera was capable of a full frame recording rate of up to 4500 iPs. Further increases 
in recording rate (maximum 40500 fps) was only achievable at the expense of image 
size. During this study, the camera was operated at 9000 fps, which gave an image 
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size of 128 x 256 pixels. The images were stored digitally within the camera 
processor. The memory capacity within the processor allowed the storage of 6144 
half-frame images which corresponded to 0.683 s of recording time or typically 
35 complete pulse combustion cycles. These recorded images could then be 
subsequently archived on to videotape or on to a computer hard drive. 
A TTL pulse train from the camera processor was used to drive the copper vapour 
laser and this ensured that the two systems were properly synchronised. 
The camera was mounted above the light sheet optics and positioned perpendicular to 
the part of the sheet to be imaged. The camera lens used was a 105 mm focal length 
Micro Nikkor. With the fused silica cylinder in either the forward or middle position 
the f/number of the lens was maintained at 5.6. This gave a depth of field of 
approximately 0.8 mm, which encompassed the laser sheet thickness, reduced 
importance of the camera focusing and lessened flare problems resulting from internal 
reflections within the cylinder. With the cylinder in the aft position the higher local 
combustion chamber temperatures lowered the seed density and thereby necessitated 
the reduction of the f/number to 4.2. 
5.2.6 Experimental Procedure 
With five combustor configurations and three optical cylinder positions for each, 
fifteen tests had to be performed to complete the flow visualisation study. For each 
test the combustor was operated, under the same conditions as described in 
section 3.4.2, until thermal equilibrium had been achieved. The alurnina seed was then 
introduced into the air decoupler and an instant later the Kodak camera triggered to 
start recording. The images were then downloaded onto a computer hard drive and 
archived onto videotape. Unfortunately, the alumina seed coated the inside of the 
fused silica cylinder during each test and therefore the combustor had to be stripped 
down and cleaned before each new test could be conducted. 
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5.2.7 Image Processing 
The digital images obtained during the testing were individually cropped and spliced 
together to form a montage representation of the flow structures present within the full 
length of the combustion chamber. In this way, for each of the five combustor 
configurations, montage image sequences could be obtained which showed the 
interrelationship between the flow events happening at both the inlet and outlet to the 
combustion chamber. Figure 5.3 shows an example of a montage image. The image 
represents a radial vertical slice of the lower half of the combustion chamber; the 
upper half being essentially a mirror image of the lower. The smaller radius of both 
inlet and outlet (tailpipe entrance) to the combustion chamber are to the left and right 
of each image respectively. The lower half of the stagnation plate can be seen 
downstream from the inlet. 
It is worth remembering that the separate image elements of the montage sequences 
were obtained from different test runs of the combustor. The continuity of the main 
flow structures seen throughout the montage image sequences therefore demonstrates 
the level of stability and repeatability achieved by the pulse combustor. 
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Figure 5.3 - An example of a montage image and its location within the chamber 
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5.3 Results and Discussion 
5.3.1 Introduction 
For each of the five combustor configurations, a sequence of montage images were 
selected to illustrate the flow structures observed during a complete pulse combustion 
cycle. These image sequences are presented in figure 5.4(a)-(b). In each of the 
sequences the pulse combustion cycle is assigned a length of 360°, where 0° is defined 
as the downward crossing of the mean pressure by the combustion chamber pressure. 
The first montage image in each sequence represents this 0° point with each 
successive image separated by 45° of a cycle. The position of each montage image 
within an idealised sinusoidal pressure cycle is illustrated in figure 5.5. Also shown in 
this figure is a representation of the pressure variation along the combustor length at 
each of these positions. This is intended to show the direction of the pressure gradient 
into the combustion chamber (from either end) at the instances coincident with the 
montage images shown in figure 5.4. Due to the non-steady nature of the flow within 
the pulse combustor, the pressure gradients show the direction of acceleration the 
gases are experiencing rather than necessarily the direction of the gas flow. 
The image sequences outlined above represents the complete set of flow visualisation 
results that will be discussed in this thesis. In the following sections, the major 
findings illustrated within these images will be discussed. Initially the main flow 
features present, to a lesser or greater extent, in all the five image sequences will be 
described by using one of the sequences as an example. Later, the effect of the 
stagnation plate position on these flow features will be discussed by considering, first, 
the flow change that occurs within the inlet region and then the change in the flow 
reversal from the tailpipe. These effects are illustrated by presenting enlarge portions 
of the flow sequences in figure 5.4. Throughout the discussion the modification to the 
flow field/mixing processes are related to the NOx emission and N02INOx ratio trends 
outlined in chapter 4. 
96 
97 
~ 
~ 
~ 
\0 
00 
~ 
hp' 
'0 , 
, ~. 
uo 
, . 
'~':~" 
, 
'." -?C' I'. j . fA .. ,··; 
i .. ;.>- ......... ~--I. .'.t!~. . . ... ~._, 
" I .... I( 
. 'r "; 
f{,,~ 
'-'ti '. , 
, ., 
" 
,'" 
---.-' 
,-, f'!J 
" 
"r; ___ tf~ • .' 
~ 'f-,' ", 
I ~1' 4 ~)1 
o ~ I'''' " J ':,.P·rt ql.\ 
t· '~/',' 
... ~ 
,~ 
"JI! 
• -t' 
j 
( , ... " 
.... ',/. 
,00, 
-j .. lr-. 
, /" : 
.... --\ ..... t V 
, 11;.,\,\, 
t:~.,~~\.\, "I-, 
'. t· . .~. '... -~" .. J..I: 
l_ ..... '. 
,) '. 
:-,. " 
-- ...!--
- --".:;.; 
,J' 
, '1]0 
,', ")' 
-,' ,-<; 
~'; ,~r':" --~:.: ~ ~ ;: r;::, '; 
.I.' ''', ,it, 
., ..... >; 
-t." 
:L, 
" 
l 
('':O~' : ..... / . .-' ~l[~" 
.. 
90 .I , ' 
!rr; I-
_l~ n, l' 
.... ' ( ...... 
·;"' ... -:r-'-'J-·': ': 
; , . - .. 
"?" "':'. l\", 
' . 
t".~' ~. ":. ' , 
,. rJ . 'I·...... 0 ~l," ;.'\ 
o 
,-.:cc: \f,' ({ 
-'<. 
il 
oq 
per ,.-.-...." 
.. , 
""" j' [P "-, i I' t'. 
" , I \"" .. " ".~ ';,-", .<,. 
:' \ 
'\ " 
o 
Cl 
Figure 5,4(b) - Montage image sequence for test configuration 2 (1.5 m tailpipe, A = 1.4 and x = 30 mm) 
" 
(Iq 
, I 
>. ,1 
," 
l1 
• 00 
\,\\< I! 
"(,i 
... 
'; r 
1", 
." 
'/t' (:,.-. 
... " 
V~', 
If 
r. 
.if,: 
J 
" '"--,,:~,"'\' . 
i .... '''iJ j' "" 
, . 
.,..... 
~-. 
.' 
",.~~.--",«.(" >\ 
-, 
.~ 
I, 
'\\ ~:"'. (J"= 
'l."",,~r;.. 
¥ 
, 
" 
.I), ' 
i 0; '"--
I 
, ' ,...-~~ . .;;..,. .~-
--
" 
g " 
, , 
99 
,-'~ 
'.,. 
", 
,,' 
. . --',::-:-,. 
,:;;';~~ 
,-~li._. '. { 
r 
'b 
, ~ 
~ 
; ,.. .... 
" 
.1 
1 
a 
.,., 
· __ :l. <". ~. ~ 
-~ .- . 
---
100 
o 
-
.J""" 
~; ~'r- ' 
11 .. ""- '. 
.c~ 
~ , ~: co 
:':1 '''.:' 
" 
'( .. ~ 
• ," 'j', ,'. 
l ,.... ' " .:-:~.~:' 
~. ~. 
" 
'f? .' 
I ,..~ 
, 
" 
.. ~ :~~:, 
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Figure 5.5 - Schematic of a sinusoidal representation of the pressure variation within the pulse 
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the cycle indicated by the vertical lines above. The diagrams below illustrate the pressure gradients, 
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5.3.2 The Helmholtz Pulse Combustor Cycle 
To aid in the description of the main flow features observed throughout the testing 
program, figure 5.6 shows an image sequence (test configuration 2) with arrows 
overlaid to give an impression of the direction of the flow. The software package used 
to draw the arrows gave no control over the size of the arrowheads and therefore no 
implication of velocity magnitude is intended by this. However, the length of the 
straight arrows, in the central region of the combustion chamber, is intended to give 
an impression of the relative bulk gas velocity in that particular region. Figure 5.7 
shows the same image sequence with text added to summarise the main flow features. 
The modification of the flow features by a change in stagnation plate position will be 
the focus of later sections. The following discussion describes the basic flow features 
illustrated in figures 5.6 and 5.7 by focussing on separate aspects of the flow: the first 
of which being the inlet reactant injection. 
Inlet Reactant Injection 
The main feature of the reactant injection is the formation of two counter-rotating 
toroidal vortices. These vortices are a product of the inlet geometry which consists 
first of the step expansion into the combustion chamber followed by the bluff body 
obstacle produced by the stagnation plate. These vortices serve to mix rapidly the 
incoming reactants with the residual combusting gases from the previous cycle, which 
ultimately leads to re-ignition and rapid combustion. 
The fresh reactants begin to enter the combustion chamber when the chamber pressure 
falls below the mean pressure (fig. 5.6 - 00). It is a misconception to consider the inlet 
reactants as jetting into stationary fluid within the combustion chamber. The fluid 
within the chamber is moving towards the tailpipe entrance, with a rotation behind the 
stagnation plate persisting from late in the previous cycle. The fluid is thus moving 
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Figure 5,6 - Example montage image sequence (test configuration 2) with arrows overlaid to indicate the direction of the flow 
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Figure 5,7 - Copy of figure 5,6 with text added to summarise the main flow features 
ahead of the incoming reactants with the reactants essentially following the same path. 
At the peak negative pressure, both toroidal vortices have started forming (fig. 5.6 -
90°) and they continue to gain strength until peak injection at 180°. The combustion 
chamber pressure then begins to rise above its mean value. However, the reactants, 
due to their momentum, continue to enter the combustion chamber against the adverse 
pressure gradient. Throughout the formation and decay of the vortices, residual gases 
from the previous cycle are entrained and mixed with the fresh reactants. Reactants 
can be seen leaving the downstream vortex and travelling into the central region of the 
combustion chamber. By 270°, fresh reactants have stopped entering the combustion 
chamber, however, the vortices persist, albeit weakening, until the next charge of 
reactants begins to enter and the cycle is repeated. 
A typical velocity profile of the fresh reactants as they progress into the combustion 
chamber is presented in figure 5.8. The plotted velocities represent the axial velocity 
component of the leading edge of the incoming fresh reactants. They were produced 
by analysing the flow visualisation images and calculating the time for the reactant 
edge to progress 7 mm axially into the combustion chamber. From the figure, it can be 
seen that the reactants first accelerate into the chamber, attaining a speed of 
approximately 10 m/s, before they slow as they approach and interact with the 
stagnation plate. The axial velocity then climbs rapidly as the reactants accelerate 
around the plate and start to form the downstream toroidal vortex. With the toroidal 
vortex rotating, the axial progress of the fresh reactants into the combustion chamber 
slows and the injection phase of the cycle draws to an end. 
Combustion within the chamber can be indirectly seen In the flow visualisation 
images shown figures 5.4. The incoming reactants are initially cooler than the residual 
gases and therefore they appear brighter in the images. As the reactants increase in 
temperature and bum, the contrast in the images disappears. This is particularly 
evident in the reactants that remain upstream of the stagnation plate. 
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Figure 5.8 - A typical velocity profile of the fresh reactants as they progress into the 
combustion chamber - for combustor configuration number 2. The plotted velocities 
represent the axial velocity component of the leading edge ofthe incoming reactants 
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Flow reversal from the tai/pipe 
The flow reversal from the tailpipe is characterised by the formation of a toroidal 
vortex as the gases flow over the step expansion into the combustion chamber. At 0°, 
the gases exhausting into the tailpipe are at their maximum velocity. As the 
combustion chamber pressure falls and an adverse pressure gradient is established the 
gases, due to their momentum, continue to exit the chamber. However, they are 
decelerated until at 135° a flow from the tail pipe can be just seen starting to enter the 
combustion chamber. This flow reversal increases forming a toroidal vortex as the 
gases flow into the larger combustion chamber. The flow reversal builds to a peak 
and then starts to decay as the pressure gradient switches. At 270°, the gases are still 
rotating as they exit once more into the tail pipe. The rotation decays as the gases 
exhaust more strongly into the tailpipe. The cycle repeats. 
Gases in the central region o/the combustion chamber 
The gases in the central region of the combustion chamber never reverse direction: 
they are either flowing in a downstream direction or are stationary. The peak 
downstream velocity occurs at 0° and weakens until the gases are stationary at 180°. 
The velocity then increases again back up to the peak. The gases in this region always 
separate the incoming reactants from the flow reversal penetrating the combustion 
chamber from the tailpipe. The cool residual gases from the tailpipe are therefore not 
directly involved in reducing NOx in the combustion zone. 
Timing o/the reactant injection andflow reversal from the tailpipe 
From acoustic theory, the velocity oscillations within the tailpipe should lag the 
pressure oscillations by a quarter of a cycle. These velocity oscillations are relative to 
the mean velocity through the combustor. Therefore, flow reversal relative to the 
mean velocity should coincide with both the peak negative and peak positive 
combustion chamber pressures. i.e. 90° and 270° cycle angles respectively. However, 
from the image sequence it is the velocity oscillations relative to the combustor walls 
that are apparent as flow reversals. As would be expected these flow reversals occur 
after the 90° point but before the 270° point. 
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Flow oscillations at the inlet to the combustion chamber are complicated by the 
presence of the flapper valves. These valves prevent gases exhausting through the 
combustion chamber inlet. Importantly this results in the fresh charge of reactants 
being stationary in the mixing chamber/inlet tube and therefore ready to be drawn 
immediately into the combustion chamber when the chamber pressure falls below its 
mean value at 0°. The fresh reactants thus begin to enter the combustion chamber over 
a quarter of a cycle before the flow reversal begins from the tailpipe. 
5.3.3 Effect of Stagnation Plate Position on Inlet Reactant Injection, Mixing and 
NO, Fonnation 
5.3.3.1 Inlet Reactant Injection and Mixing 
Figure 5.9(a)-(b) shows two sequences of inlet images, taken from the injection phase 
of the cycle, for the test configurations 4 and 5. These test configurations correspond 
to operation of the combustor with a 2.4 m long tailpipe and a stagnation plate 
distance of 55 mm and 30 mm respectively. These two configurations are useful in 
understanding the effect of stagnation plate position on the combustor perfonnance 
since, between them, the operating frequency, and therefore the heat release timing, 
remains essentially unchanged. It is therefore possible to consider the change in inlet 
mixing solely in tenns of the change in inlet geometry produced by the positioning of 
the stagnation plate. 
The image sequences In figure 5.9(a)-(b) illustrate the effect of the stream-wise 
position of the stagnation plate on the fonnation of the counter rotating toroidal 
vortices. Clearly, the stagnation plate distance detennines the position and relative 
strength of the vortices. 
With the smaller stagnation plate distance (figure 5.9(a», the majority of the incoming 
reactants fonn a large toroidal vortex downstream of the stagnation plate. The 
upstream vortex remains small. 
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At the larger stagnation plate distance (figure 5.9(b», the incoming reactants take 
longer to reach the plate giving the downstream vortex less time to form before the 
end of the injection period. This, in combination with a declining injection velocity 
(see figure 5.10), results in a small downstream vortex. The upstream vortex begins to 
develop before the reactants reach the stagnation plate. It is less spatially restricted 
than the corresponding vortex formed at the shorter stagnation plate distance and is 
able to develop into larger rotation. It is also apparent from the inlet image sequences 
that, at the larger stagnation plate distance, a greater proportion of the reactants 
remain upstream of the stagnation plate within the 'valve curtain' and never enter 
either vortex. 
Figure 5.10 shows typical injection velocity profiles corresponding to the two 
configurations. As discussed earlier, in section 5.3.2, these velocity profiles represent 
the axial velocity component of the leading edge of the incoming fresh reactants. With 
a 55 mm stagnation plate distance the velocity of the incoming reactants is already 
starting to decline before the stagnation plate is approached. Hence, when compared 
to the shorter stagnation plate distance, the increase in velocity due to the interaction 
with the stagnation plate remains small. Conversely, with a 30 mm stagnation plate 
distance, the reactants interact with the plate during the height of the injection phase 
and this produces a strong acceleration of the flow. The velocity then declines as the 
reactants rotate into the forming vortex and then builds again as the increasing volume 
of reactants begin to travel further downstream. 
The formation of the two rotating vortices during the reactant injection phase provides 
a strong mechanism for mixing the fresh reactants with the residual gases remaining 
in the combustion chamber from the previous cycle. Since the position of the 
stagnation plate governs the structure of these vortices, it therefore controls the 
amount of mixing within the inlet region of the combustion chamber. With a large 
proportion of its rotating outer edge able to entrain residual gases from the central 
region of the combustion chamber, the downstream toroidal vortex has the potential to 
produce the stronger mixing field. In contrast, the upstream vortex is more confined 
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by the walls of the combustion chamber and is restricted to mixing with the residual 
gases already present in that region. 
For the test configurations 4 and 5 currently under discussion, the change in the total 
mixing during reactant injection, as the stagnation plate distance is increased from 
30 mm to 55 mm can be summarised in three points. Firstly, the downstream toroidal 
vortex reduces in strength and it starts to form later in the cycle. This diminishes its 
ability to mix reactants and residual gases. Secondly, the upstream toroidal vortex 
increases in size but with limited additional mixing due to its confinement. Finally, a 
larger proportion of the fresh charge remains in the 'slug' of reactants upstream of the 
plate and burns with minimal mixing. Considering these three points it is evident that 
mixing between reactants and residual gases reduces as the stagnation plate is moved 
into the combustion chamber. This decrease in mixing has important implications for 
NOx formation. Before these implications are discussed, the inlet flow and mixing 
fields generated in the 1.5 m tailpipe configurations will be considered. 
III 
Figure 5.9(a) - Sequence of inlet images showing the reactant injection phase for test 
configuration 5. Stagnation plate distance of 30 mm, 2.4 m long tailpipe and a relative 
air/fuel ratio of 1.6. The cycle angle of each image is shown. The operating frequency 
of this configuration was 35.3 Hz with NOx emissions of 6.3 ppm and a N02INOx 
ratio of 0.55. 
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Figure 5.9(b) - Sequence of inlet images showing the reactant injection phase for test 
configuration 4. Stagnation plate distance of 55 mm, 2.4 m long tail pipe and a relative 
air/fuel ratio of 1.6. The cycle angle of each image is shown. The operating frequency 
of this configuration was 35.1 Hz with NOx emissions of 10.5 ppm and a N02INOx 
ratio of 0.44. 
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Figure 5.10 - The velocity profile of the fresh reactants as they penetrate into the 
combustion chamber for the test configurations 4 and 5. The plotted velocity 
represents the axial velocity component of the leading edge of the reactants. 
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The inlet flow fields generated, for the 1.5 m tailpipe test configurations 
(configurations I, 2 and 3 - see figure 5.1 I (a)-(c», follow the same scheme as 
discussed above, with the stagnation plate determining the positioning and relative 
strengths of the two toroidal vortices. The inlet geometry produced with a stagnation 
plate distance of 15 mm results in the majority of the incoming reactants forming a 
large vortex downstream of the plate. A small upstream vortex just manages to form. 
As the stagnation plate is moved further into the combustion chamber the size of the 
downstream vortex diminishes, the upstream vortex grows in size, and a greater 
proportion of the reactants remain within the 'valve curtain'. 
Figure 5.12 presents the typical injection velocity profiles for the three configurations. 
The trends observed follow the pattern discussed for the corresponding 2.4 m tailpipe 
test configurations. The 15 mm stagnation plate distance produces a notable 
acceleration of the reactants after the downstream vortex has formed. This was 
characterised by considerable quantity of reactants hugging the wall of the 
combustion chamber (i.e. the inside of the optical section) as they flowed 
downstream. 
Making a judgement on the extent of the mixing between reactants and residual gases 
for the three 1.5 m tailpipe length configurations is complicated by the uncertainty in 
the time available for mixing before rapid combustion. The decrease in operating 
frequency encountered as the stagnation plate distance is increased from 15 mm to 
55 mm implies that the heat release within the cycle is being delayed. However, the 
extent of the delay, and therefore its significance to the inlet mixing, is not known. 
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Figure 5.II(a) - Sequence of inlet images showing the reactant injection phase for test 
configuration I. Stagnation plate distance of 55 mm, 1.5 m long tailpipe and a relative 
air/fuel ratio of 1.4. The cycle angle of each image is shown. The operating frequency 
of this configuration was 47.5 Hz with NO. emissions of 7.8 ppm and a N02INO. 
ratio of 0.46. 
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Figure 5.II(b) - Sequence of inlet images showing the reactant injection phase for 
test configuration 2. Stagnation plate distance of 30 mm, 1.5 m long tailpipe and a 
relative air/fuel ratio of 1.4. The cycle angle of each image is shown. The operating 
frequency of this configuration was 52.9 Hz with NO. emissions of 8.6 ppm and a 
N02INO. ratio of 0.32. 
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Figure 5.11 (c) - Sequence of inlet images showing the reactant injection phase for test 
configuration 3. Stagnation plate distance of 15 mm, 1.5 m long tailpipe and a relative 
air/fuel ratio of 1.4. The cycle angle of each image is shown. The operating frequency 
of this configuration was 60.8 Hz with NOx emissions of 9.0 ppm and a N02INOx 
ratio of 0.29. 
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Figure 5.12 - The velocity profile of the fresh reactants as they penetrate into the 
combustion chamber for the test configurations 1, 2 and 3. The plotted velocity 
represents the axial velocity component of the leading edge of the reactants. 
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5.3.3.2 The Effect of Stagnation Plate Position on NOx Fonnation 
The fonnation of thennal NO is exponentially dependent on combustion temperature 
and linearly dependent on the residency time at those high temperatures [39]. It has 
been shown previously that the low NO emissions produced by pulse combustors is 
due to rapid mixing between cooler residual gases and combusting reactants [11]. This 
reduces both the peak combustion temperature and the residency time and therefore 
lowers overall NO emissions. For a given heat input rate and air/fuel ratio into a pulse 
combustor, there exists two possible routes that will lead to a reduction in NO 
fonnation. Either the mixing rate between residual gases and fresh reactants is 
increased or, by increasing the heat transfer rate out of the combustor, the residual gas 
temperature is reduced. 
With the combustor operating with a 2.4 m tailpipe, the variation of NO and N02 
emissions with stagnation plate distance (see section 4.3 .5) supports the conclusions 
drawn from the flow visualisation study. Figure 5.13 presents a summary of these 
trends in tenns of variation with stagnation plate distance of total NO, and N02INOx 
ratio. Across the full range of stagnation plate distances (x=30 to 70 mm) the NOx 
emissions rose from 6.3 ppm to 13.8 ppm and the N02INOx ratio fell from 0.54 to 
0.36. There is a significant difference in NO and N02 production between the two test 
configurations discussed in this chapter i.e a stagnation plate distance of 30 mm and 
55 mm. 
The rise in NOx with increasing stagnation plate distance, is a result of the decrease in 
inlet mixing between incoming reactants and residual gases. With less interaction 
between reactants and residual gases the combustion zone will become smaller and 
more intense. A combination of increased peak combustion temperature increased 
residency time at high temperature leads to the observed rise in NO emissions. 
The N02INOx trend also supports the relationship between inlet mixing and stagnation 
plate position. Previous work on methane flames has attributed the production ofN02 
to the oxidation of NO by H02 radicals in cooler flame regions (see section 2.5.3). In 
the case of the pulse combustor, it seems reasonable to suppose that the increased 
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mixing at the smaller stagnation plate distance is responsible the increased proportion 
of N02 produced. This would occur when newly formed NO is swept into cooler, 
residual gas regions where conditions are more suitable for its oxidation to N02. 
As discussed in chapter 4, when the tailpipe length was reduced from 2.4 m to 1.5 m, 
the trends of NO. and N02INO. ratio with stagnation plate distance reversed. 
Figure 5.14 presents a summary of these trends. Across the range of stagnation plate 
distances corresponding to the test configurations 3, 2 and I (x=15 to 55 mm), the 
NO. emissions slightly decreased from 9.0 ppm to 7.8 ppm and the N02INO. ratio 
increased from 0.29 to 0.46. In the discussion of this trend reversal in section 4.3.5 
several mechanisms were put forward as possible explanations. One of these 
mechanisms involved the cooling of the combustion chamber/residual gases by a flow 
reversal from the tailpipe. The flow visualisation study provided imaging of the flow 
reversal for all the five test configurations and this is therefore the basis of the 
following section's discussion. 
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Figure 5.13 - The variation in NO, and N02INO, ratio with stagnation plate distance 
measured when operating the combustor with a 2.4 m tailpipe and at a relative air/fuel 
ratio of 1.6. Combustor test configurations 4 and 5 correspond to a stagnation plate 
distance of 55 mm and 30 mm respectively. 
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Figure 5. 14 - The variation in NO. and N02fNO, ratio with stagnation plate di stance 
measured when operating the combustor with a 1.5 m tailpipe and at a relative air/fuel 
ratio of 1.4. Combustor test configurations I, 2 and 3 correspond to a stagnation plate 
distance of 55 mm, 30 mm and 15 mm respectively. 
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S.4 Effect of Stagnation Plate Position on the Flow Reversal from the Tailpipe 
and the Subsequent Effect on NO. Formation 
5.4.1 Flow Reversal 
Figure 5.15 shows tailpipe entrance images for test configurations 3, 2 and I. Each 
image shows the point of maximum flow reversal obtained when the combustor was 
operated with a 1.5 m tailpipe and stagnation plate position of 15 mm, 30 mm and 
55 mm respectively. From the images, it is apparent that as the stagnation plate is 
moved downstream into the combustion chamber that the strength of the flow reversal 
increases. This trend is illustrated in figure 5.16 where flow reversal penetration is 
plotted against stagnation plate distance (the results for the 2.5 m test configurations 
are also plotted). The flow reversal penetration was defined as the maximum distance, 
measured from the combustion chamberltailpipe interface, that fluid from the tailpipe 
travelled into the combustion chamber. With a stagnation plate distance of 55 mm the 
fluid penetrated 80 mm into the combustion chamber i.e. over a third of the way back 
into the combustion chamber. As the stagnation plate distance is increased, the trend 
of strengthening flow reversal is a direct result of the increasing peak pressure 
amplitude (see section 4.3.2). This trend is predicted by the acoustic wave equation, as 
discussed in section 2.4. 
The tailpipe entrance images corresponding to the combustor operating with a 2.4 m 
tailpipe are presented in figure 5.17. With a 30 mm stagnation plate distance, a slight 
flow reversal can be seen entering the combustion chamber. As the plate distance is 
increased to 55 mm the increase in peak pressure amplitude produces a stronger 
reversal that penetrates approximately 40 mm into the chamber. The higher relative 
airlfuel of these configurations produces a higher mean stream-wise gas velocity and 
thereby reduces the strength of the flow reversals seen within the combustor. This 
adverse effect on flow reversal strength overrides the opposing effect of the higher 
peak pressure amplitudes generated with the 2.4 m test configurations. At 
corresponding stagnation plate distances, the flow reversals seen with the combustor 
operating with a 2.4 m tail pipe are significantly less than those produced by the 1.5 m 
tailpipe test configurations. 
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It is clear from the five tail pipe entrance images that the flow reversal from the 
tailpipe provides a mechanism for cooling the fluid within the combustion chamber. 
Due to heat transfer out of the combustor, the returning fluid from the tailpipe will be 
cooler than the fluid in the combustion chamber. As the strength of the flow reversal 
increases, the additional heat transfer enhancement will cool this flow reversal further. 
Therefore, a strengthening flow reversal will introduce into the combustion chamber, 
an increasing volume of progressively cooler fluid. This cooling mechanism is 
particularly strong for the combustor fitted with a 1.5 m tail pipe where, with either a 
55 mm or 30 mm stagnation plate distance, a considerable amount of tail pipe fluid is 
introduced into the combustion chamber. In contrast, for the combustor operating with 
a 2.4 m tailpipe, the amount of fluid entering the combustion chamber from the 
tailpipe is considerably less. 
The increase in heat transfer with increasing flow reversal strength was verified by 
taking time-averaged temperature measurements at the centre line of the tailpipe 
entrance. A shrouded k-type thermocouple of 3 mm diameter was used and results are 
presented in figure 5.18. Since these temperature measurements are time-averaged, 
the differential between the outflow fluid temperature and the reversal temperature is 
not known. However, the trend of decreasing temperature with increasing flow 
reversal strength (increasing stagnation plate distance) is evident in figure 5.18. The 
decreasing temperature is due to the increased heat transfer rate resulting from the 
strengthening flow reversal. The trend is particularly strong with the 1.5 m test 
configurations where the tailpipe entrance gas temperature decreases from 1187 K to 
1115 K as the stagnation plate distance is increased from 15 mm to 55 mm. With the 
combustor operating with a 2.4 m tailpipe, the tailpipe entrance temperature only 
decreases slightly as the stagnation plate distance is increased. It is worth 
remembering that the 1.5 m tailpipe test configurations are operating at a lower excess 
air level than the 2.4 m configurations. The lower tailpipe entrance temperatures of 
the 1.5 m tailpipe configurations therefore indicates the substantial increase in heat 
transfer rate generated by the stronger flow reversals. 
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It is not possible from any of the images presented in this chapter to ascertain the 
precise location of the combustion zone within the combustor. However, it is possible 
to judge from the progress of the incoming reactants that the majority of the 
combustion will be occurring in the first half of the combustion chamber. It is 
unlikely, therefore, that any of the flow reversals will have sufficient strength to 
introduce cool fluid directly into the combustion zone. However, the fluid entering 
from the tailpipe will have a cooling effect on the chamber as a whole, which will 
indirectly result in a cooler combustion zone. 
It was noticeable when the tailpipe entrance images were animated that the fluid 
ahead of the flow reversal became visibly more turbulent as the reversal strength 
increased. This increase in turbulence was particularly evident with the 1.5 m 
configurations as the stagnation plate distance was increased. The enhanced mixing 
and heat transfer, within the central region of the combustion chamber, resulting from 
this increased turbulence has obvious implications towards the reduction of NO 
formation. 
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Cycle angle Stagnation plate 
position 
x=15 mm 
x=30mm 
x=55 mm 
Figure 5.15 - Images showing peak flow reversal for test configurations 3, 2 and 1 
i.e. 15 mm, 30 mm and 55 mm stagnation plate distances respectively. Combustor 
operating with a 1.5 m tailpipe and at relative air/fuel ratio of 1.4. 
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Figure 5.16 - Graph showing the relationship between flow reversal penetration and 
stagnation plate distance. The flow reversal penetration is the maximum distance, 
measured from the combustion chamber/tailpipe interface, that fluid from the tailpipe 
travels into the combustion chamber. 
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Cycle angle Stagnation plate 
position 
x= 30 mm 
x= 55 mm 
Figure 5.17 - Images showing peak flow reversal for test configurations 5 and 4 
i.e. 30 mm and 55 mm stagnation plate distances respectively. Combustor operating 
with a 2.4 m tailpipe and at relative air/fuel ratio of 1.6. 
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5.4.2 The Effect of Flow Reversal on NOx Fonnation 
From the flow field induced by the inlet geometry of the combustor it has been 
proposed that mixing between incoming reactants and residual gases is increased by 
reducing the distance between the stagnation plate and the combustion chamber inlet. 
This will produce both a lower flame temperature and a shorter residence time, and 
hence a trend of reducing NOx with decreasing stagnation plate distance. This trend 
was observed when the combustor was operating with a 2.4 m tailpipe. However, with 
a 1.5 m tailpipe the combustor produced a slight decrease in NO emissions as the 
stagnation plate was increased. It has been discussed previously that an increasing 
delay of the heat release will reduce the effect of the stagnation plate position on the 
inlet mixing for the 1.5 m test configurations (see section 4.3.5). However, the cooling 
flow reversal from the tailpipe will also have an impact on countering the effect of 
inlet mixing on the production of NOx• 
With a 2.4 m tailpipe, the flow reversal is minimal and the inlet mixing dominates the 
NO fonnation trend. However, at the shorter tail pipe length the flow reversal from the 
tailpipe becomes significant. This flow reversal increases substantially as the 
stagnation plate distance is increased. At the larger plate distances, the flow reversal 
introduces a considerable amount of cooler tailpipe fluid into the combustion 
chamber. Either this flow reversal indirectly cools the combustion zone or is 
indicative of increased heat transfer out of the combustion chamber itself. Either way 
the result is cooler residual gases within the combustion chamber. Hence, operating 
with a 1.5m tailpipe and increasing the stagnation plate distance results in the mixing 
of reactants with progressively cooler residual gases. This results in a slight fall in 
NOx emissions as the stagnation plate distance is increased. The trend of increasing 
N02INOx ratio with increasing stagnation plate distance seen for the 1.5 m case also 
points to a combustion zone containing progressively cooler residual gases. 
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5.5 Conclusions 
Time resolved images have been successfully obtained of the flow field within the 
combustion chamber of a Helmholtz pulse combustor 
The inlet fluid motion was found to be dominated by the formation of counter-rotating 
toroidal vortices. These vortices served to mix rapidly the incoming reactants with 
residual gases from the previous cycle. 
It was found that mixing at the inlet decreased as the stagnation plate was moved 
downstream into the combustion chamber. Under conditions of minimal flow reversal, 
this decrease in inlet mixing led to a rise in NOx formation rates due to the increase in 
both combustion temperature and residency time. 
With a high peak pressure amplitude and a low mean stream-wise gas velocity, flow 
reversal from the tailpipe became significant. The maximum observed flow reversal 
penetrated over a third of the way up the combustion chamber length. 
The magnitude of the flow reversal from the tailpipe was found to increase as the inlet 
mixing decreased. It was speculated that the increased heat transfer enhancement 
under the flow reversal condition reduced residual gas temperature and this countered 
the effect on NO formation of the decreased inlet mixing. 
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CHAPTER 6 
CHEMILUMINESCENCE AND LASER INDUCED FLUORESCENCE STUDY 
6.1 Introduction 
In the previous chapter the results from the flow visualisation study were presented 
and discussed. The image sequences showed the structure of the flow features 
generated within the combustion chamber and illustrated how these flow structures 
were modified by a change in the position of the stagnation plate. The current chapter 
extends the understanding of the pulse combustion cycle, and the effects of the 
stagnation plate position, by providing information on the combustion processes. 
The investigation was comprised of two individual studies: a chemiluminescence 
study and a laser induced fluorescence study. As in the previous chapter, these studies 
concentrated on the five combustor configurations selected at the end of chapter 4 and 
later summarised in table 5.1. 
The chemiluminescence study provided cycle-resolved imaging of OH' radicals 
within the entire volume encompassed by the optical section. This provided global 
information on the temporal and spatial distribution of the combustion zone within the 
combustion chamber. 
The planar laser induced fluorescence study allowed small, detailed, 2-D images of 
relative OH' concentrations to be obtained. These showed the structure of the reaction 
zone and provided information on the re-ignition sites. 
This chapter continues by initially providing a brief background to the 
chemiluminescence and laser induced fluorescence (LIF) techniques. Then, after 
detailing the experimental apparatus used, the chapter presents the results from both 
studies. The discussion builds on the work presented in the previous chapters and uses 
the additional information to further discuss the mechanisms leading to the generation 
of NO and N02. 
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6.2 Experimental Background 
6.2.1 Chemiluminescence Imaging 
Previous researchers have often used chemiluminescence imaging to indicate the 
spatial and temporal location of combustion within pulse combustors [9,52]. 
Chemiluminescence arises when chemical reactions in the combustion zone produce 
electronically excited molecules or atoms. When the elevated electrons in these 
excited species retum to their ground state, radiation is emitted and this produces the 
chemiluminescence signal. The wavelength of the radiation emitted is dependent on 
the particular species. 
In methane/air flames chemiluminescence from CH', CC' and OH' occurs in the 
reaction zone [87]. With a significantly stronger signal, the chemiluminescence from 
OH' radicals is generally selected for imaging work. This chemiluminescence signal 
occurs in the near-VV region at around 310 nm and can be specifically imaged using a 
suitable band-pass filter (e.g. VG-I I Schott) placed in front of the camera lens. 
In OH' chemiluminescence the electronically excited radicals are most likely 
produced by the reaction [88]: 
CH+02~ CO+OH 
, 
The excited OH' radicals return to their ground state within the order of one 
microsecond [89] and are therefore ideal for marking the reaction zone. In addition, 
Keller and Westbrook showed that the peak in the rate of production of OH' within 
the combustion zone correlates with the peak in heat release [22]. This work is 
important to pulse combustion research since, by measuring the OH' signal from the 
combustion zone, the relationship between the heat release and the resonant pressure 
wave can be investigated. 
Chemiluminescence imaging is a useful technique since it provides a straightforward 
method of collecting information about the shape, size and structure of a complete 
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combustion zone. However, due to its simplicity, the technique does have certain 
shortcomings. These may be summarised as follows: 
i) By its nature, chemiluminescence imaging produces a line of sight integration of 
the signal. Therefore, in a chemiluminescence image of a combustion zone it is 
impossible to distinguish between foreground and background events. 
ii) Since the chemiluminescence signal is weak, a relatively large integration time is 
required to raise the image intensity above background noise. In a turbulent 
combusting flow, this results in a certain degree of image smearing and a 
subsequent loss of detail. 
These problems can be overcome using laser induced fluorescence. This technique 
was originally developed to quantitatively measure ppm levels of atomic/molecular 
species. However, it can also be used simply as a visualisation tool to produce 
instantaneous, detailed two-dimensional images of a reaction zone. Due to limitations 
in laser power, one of the disadvantages of laser induced fluorescence is that, unlike 
chemiluminescence, it is unable to produce images covering a large area. The laser 
induced fluorescence technique will be more fully explained in the following section. 
6.2.2 Laser Induced Fluorescence Imaging 
In chemiluminescence, the electronically exited species are a result of chemical 
reactions. In laser induced fluorescence (LIF) the excited species are generated by the 
absorption of laser radiation and, like chemiluminescence, the LIF signal is then 
subsequently produced when the excited electrons decay back to their ground state. 
The intensity of the LIF signal is proportional to the number of excited species and 
therefore the original concentration of ground state species. In its simplest form, 
planar LIF, in which the exciting laser radiation is in the form of a thin laser sheet, can 
be used to obtain the spatial distribution and relative concentration of a combustion 
species. This information in itself can be invaluable. For example, in combustion 
research the LIF imaging of OH' radicals can allow the visualisation of a reaction 
zone [90]. Obtaining quantitative concentration measurements using LIF, especially in 
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a turbulent combustion environment, can be a formidable task. The difficulties arise 
because the depopulation of electrons from the excited state can occur by routes other 
than the emission of the LIF signal. Typically, the main competing route is quenching, 
where the collision between molecules results in the transfer of the electronic energy. 
Determining the proportion of the excited species that are lost to other routes, and 
therefore do not contribute to the LIF signal, is required before a quantitative 
calculation of the species concentration can be made. Often the information required 
to make this determination is unavailable and many quantitative LIF techniques often 
rely on strategies that allow quenching to be eliminated from the process; for 
example, LIF in the saturated regime. 
Eckbreth provides a review of the classical approaches employed to produce 
quantitative LIF results [91] and some more recent development in this field can be 
found elsewhere [92]. 
For the study of diatomic molecules present in combustion environments, e.g. OH, 
CH, C2, NO and NH, the electronic absorptions are used. These electronic absorptions 
are specific to the particular molecular species and result from the electrons, within 
molecules, being contained within discrete energy levels. To raise electrons to a 
particular exited level the incident laser radiation must be of the correct wavelength. If 
it not, the laser radiation will not be absorbed and no LIF signal will be produced. To 
further complicate matters the vibrational and rotational modes of the molecule itself 
can also be excited to different discrete values. Therefore, in combination with 
changing the electronic state, the incident radiation, depending on its wavelength, can 
also lead to a change in the vibrational and rotational modes of the molecule. This all 
produces a very complicated structure of absorption lines, which are unique to each 
individual molecular species. Since these absorption lines are fundamental to the LIF 
process, the technique is extremely species sensitive. 
The LIF technique requires the tuning of the laser radiation to a specific absorption 
line of the molecule of interest. Fortunately, past spectroscopic work has investigated 
many of the absorption lines of combustion species and their precise wavelengths are 
available in the literature. For example, the absorption lines of OH are contained 
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within the work of Dieke and Crosswhite [93]. Table 6.1 lists the principal 
absorptions of some molecular species of interest in combustion research, all of which 
are obtainable using tuneable dye laser systems. 
Once the molecular species of interest has been successfully excited, and after a short 
delay, the species emits a photon as it decays back to the ground state. The 
combination of photons emitted from all of the excited molecules forms the 
fluorescence image captured by the detector. The fluorescence signal is more intense 
than the background (chemiluminescence) radiation; however, it is only present for a 
very short period of time, i.e. of the order of tens of nanoseconds. By using a gated 
detector, the LIF image can be captured. 
Species Transition Absorption 
Wavelength 
A (nrn) 
OH A2L _ x2rr 306.4 
(0,0) 
CH A21:!. _ x2rr 431.5 
(0,0) 
NO A2L _ X2rrl/2 226.5 
(0,0) 
CN 8 2L _ X2L 388.3 
(0,0) 
C2 A2rrg - x3rru 516.5 
(0,0) . 
NH A3rr _ X3L' 336.0 
(0,0) 
Table 6.1 - Spectroscopic Data for Diatomic Flame Species [91] 
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6.3 Laser Induced Fluorescence Imaging: Apparatus and Procedure 
6.3.1 Overview 
The experimental apparatus, used during the LIF study, can be divided into a number 
of individual systems. A schematic of the basic layout of these systems is shown in 
figure 6.1. A tuneable laser system generated the UV light needed for the fluorescence 
work and a series of optics formed the laser beam into a thin sheet. An imaging 
system, consisting of a gated, image intensified, CCD camera and associated control 
equipment, was used to record the fluorescence signal. Finally, a purpose built 
electronic timing system enabled both the laser and imaging systems to be 
synchronised to any point in the pulse combustion cycle. The pulse combustor rig 
used throughout the LIF study was as described in chapter 3. The details of the 
additional experimental apparatus used will now be described. 
6.3.2 Laser System 
The second harmonic output from a single oscillator, twin amplifier, Nd: Y AG laser 
(Lumonics HyperY AG-1200) was used to pump a dye laser. The Nd: Y AG laser gave 
Q-switched pulse energies of up -350 mJ, with pulse durations of approximately 8ns. 
The laser emission, at a wavelength of 532 run, was directed into the dye laser 
(Lumonics HyperDYE-300) and the wavelength increased to -618 run. The dye laser 
was operated with a Rhodomine 640 dye and a holographic grating allowed the 
wavelength of the output to be tuned to the precise wavelength required. The dye laser 
output was passed through a frequency doubling crystal (Lumonics HyperTRAK-
1000), thereby halving the wavelength of the laser emission and bringing it into the 
near-UV range required for the fluorescence imaging of OH radicals. 
6.3.3 Beam Delivery and Light Sheet Optics 
The schematic in figure 6.1 shows the general layout of the light sheet optics and the 
path taken by the laser beam. An ultra-violet mirror directed the output beam from the 
laser system down the path of the light sheet forming optics. The silica optics 
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consisted of a bi-convex lens (500 mm f-length) and a pIano-convex cylindrical lens 
(70 mm f-length). A further UV mirror directed the developing light sheet vertically 
upwards so that it passed radially through the optical section of the pulse combustor. 
The width of the laser sheet as it passed through the imaging region of the combustion 
chamber was approximately 30 mm and the thickness was below 0.5 mm. Since the 
chemiluminescence imaging showed that the majority of the combustion occurs 
around the stagnation plate, the LIF images were only recorded with the optical 
section in the forward position. With the limitation in the width of the UV sheet, it 
took three test runs to cover the entire length of the optical section, with only the 
lower half of the chamber being imaged. With a screw mechanism enabling the pulse 
combustor to be translated in line with its length, once the light sheet optics had been 
aligned, the combustor could be easily re-positioned to allow the next section of the 
combustion chamber to be imaged. 
139 
Laser induced 
fluorescence signal 
Intensified Laser System 
camera 
r----+------, I Mirror 
UV mirror directing 
the sheet vertically 
up through the fused 
silica cylinder 
Pulse 
combustor 
and tanks 
Silica 
cylinder with 
UV mirror 
underneath 
Sheet optics Optical bench 
SIDE VIEW 
Laser System 
Princeton Instruments 
intensified CCD camera 
suspended above the 
laser beam and sheet 
optics 
Silica 
!;l 
o 
Freq. 
Doubler 
Silica cylindrical lens 
(70mm f-Iength) bi-convex lens 
(500mm f-Iength) 
PLAN VIEW 
UV laser 
beam 
UV 
Mirror 
Optical bench 
positioned under 
the pul se 
combustor 
Figure 6.1 - Schematic of the experimental apparatus used during the laser induced 
fl uorescence (LIF) study 
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6.3.4 Imaging System 
A Princeton Instruments intensified CCD camera imaged the L1F signal. The 
intensifier assembly was fibre coupled onto the 384 x 576 pixel, 16 bit, CCD. With a 
flow of dry nitrogen through the detector head to prevent condensation, a Peltier 
cooler was set to lower the CCD array down to -25°C. This reduced the noise 
generated from dark charge leakage. The cooling system for the detector was 
completed with a chiller unit, which circulated a 6°C glycol/water mixture through the 
Peltier cooler. 
A high voltage pulse generator (Princeton Instruments PG-200) controlled the 
intensifier. The high voltage trigger pulse to the intensifier was programmed to occur 
64 ns after the laser shot, with a duration of 100 ns. The fluorescence signal was 
collected in this 100 ns window, intensified and stored onto the CCD array. After the 
CCD was readout, the LIF imaged was stored onto a computer hard drive. Control of 
the camera and its readout was by a Princeton Instruments ST -138 controller. 
The intensified camera was mounted above the light sheet optics and positioned 
perpendicular to the part of the sheet being imaged. All the fluorescence signal was 
captured. The camera lens used was a 105 mm focal length UV-Nikkor with the 
aperture fully open. 
6.3.5 Control and Timing System 
The intensified camera system could not operate at more than about one frame per 
second. Clearly, this framing rate was insufficient to produce time-resolved LIF 
images of the pulse combustion process. A similar problem has been encountered in 
internal combustion engine studies [86]. Typically, a crankshaft encoder and timing 
electronics are used to allow the camera/laser to be triggered once, at a predetermined 
angle from top dead centre. A sequence of the complete combustion cycle can then be 
assembled from individual images, each taken from completely different cycles. In 
this way, the combustion process is cycled-resolved as opposed to time-resolved. 
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Problems occur due to cyclic variability and images are often assemble-averaged, 
leading to loss of spatial detail. 
The combustion within a pulse combustor is regulated by acoustic wave action; there 
are no rotating shafts that an encoder could be attached to produce a reference trigger. 
For the current work, the varying pressure within the combustion chamber was used 
to produce a trigger pulse. 
A purpose built 'point on wave generator' (POW generator) was constructed to 
perform this task. Due to its complexity, only a brief description of the operation of 
the final design will be presented here. 
The pressure fluctuation within the combustion chamber was measured usmg a 
piezoresistive pressure transducer. Approximately, after amplification, the output 
varied sinusoidally by ±0.4 volts about a mean of 2 volts. The POW generator used 
this voltage fluctuation to generate a trigger pulse at the desired cycle angle. 
Electronics were first used to remove the D.C. offset from the voltage signal. By then 
monitoring the downward zero crossing of the voltage signal, the wavelength of an 
individual pulse combustion cycle could be found. With this information, the time 
delay, from the start of the next cycle to the desired trigger point, could be calculated 
and a TTL trigger pulse outputted. By designing the system to work in cycle angles, 
.any variation in operating frequency was automatically tracked. The system did, 
however, rely on the assumption that there would be a minimal variation in frequency 
between individual cycles. 
Using the POW generator, a LlF image could be recorded at any cycle angle and, by 
scanning through the pulse combustion cycle, a cycle-resolved sequence of LlF 
images could then be obtained. 
The integration of the POW generator into the laser/camera systems was not entirely 
straightforward. The camera controller outputs a timing pulse indicating when the 
CCD array is ready to be exposed. This period only extends for lOO ms, after which 
the camera is automatically readout and the process repeated. It was therefore 
essential to ensure that both the firing of the intensifier and the LIF signal were 
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synchronised to occur during the correct period of the camera cycle. To achieve this, 
the timing pulse from the camera controller was monitored by the POW generator. 
Only when the camera was ready did the POW generator produce a trigger pulse. 
The trigger pulse from the POW generator initiated the LIF systems by firing the 
flashlamps within the Nd:YAG laser. The Pockels' cell synchronisation output from 
the laser, which is essentially coincident with the laser pulse, was then used to trigger 
the high voltage pulse generator. With the pulse generator triggered, the intensifier 
was fired at the pre-set delay to allow the collection of the LIF signal. The CCD was 
then readout and the image stored. 
An additional feature of the POW generator was the ability to record both the pressure 
fluctuation, from within the combustion chamber, and the moment on this fluctuation 
that the intensifier fired. With this information, the actual cycle angle that the LIF 
image was taken could be calculated in the post-processing of the image results. In 
practise, jitter, within the various systems, amounted to a variation of about ±3° in the 
timing of a group of LIF images. 
6.3.6 Experimental Procedure 
Throughout the LIF study the excitation of OH was via the Q,(9) transition at 
308.6 nm. Typical laser pulse energies were 8 mJ. The images presented in the results 
section are the raw images gathered during testing; no attempts were made to quantify 
the OH concentrations. 
During the study, the combustor was only operated with the optical section in the 
forward position. To produce LIF images of the full length of the optical section, 
using the 30mm wide UV sheet, took three test runs. With five combustor 
configurations, a total of fifteen test runs were therefore needed to complete the study. 
For each test run the combustor was operated, under the same conditions as described 
in section 3.4.2, until thermal equilibrium had been achieved. The 360° pulse 
combustion cycle was then stepped through in 15° increments, with twenty LIF 
images and pressure data samples recorded at each location. 
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6.4 Chemiluminescence Imaging: Apparatus and Procedure 
Significant parts of the experimental apparatus used in LIF study were also required 
for the chemiluminescence study. The details of these will therefore not be reiterated, 
however, a brief overview of the apparatus used and experimental procedure followed 
will now be given. 
Since the OH' radicals being imaged were excited by the combustion process itself, 
there was no requirement for a laser system and the associated light sheet optics. 
However, the intensified camera system was needed. A band-pass filter (UG-II 
Schott filter) was placed in front of the camera lens, to select the OH' emissions to be 
imaged. The control and timing system from the LIF study was used to allow OH' 
chemiluminescence images to be recorded at predetermined cycle angles, with the 
pressure data and trigger pulse also recorded to allow the actual angle to be calculated. 
However, in the case of the chemiluminescence study, the trigger from the POW 
generator was used to trigger directly the high voltage pulse generator, which then 
subsequently fired the image intensifier. Due to the low light levels emitted by the 
OH'· radicals the integration time (i.e. the time the intensifier was powered) had to be 
extended to ISOflS in order to collect sufficient light to form an image. With the 
highest operating frequency (60.8 Hz) of test configuration 3, this integration time 
amounted to approximately 3° of pulse combustion cycle. 
The intensified camera was positioned so that the OH' chemiluminescence emission 
from the whole optical section was imaged simultaneously. OH' images were 
recorded with the optical section in the forward and middle positions. Since the 
majority of the combustion zone was contained within these two sections, it was 
considered unnecessary to record images from the aft position. 
A total often test runs had to be conducted to complete the chemiluminescence study. 
For each test run the combustor was operated, under the same conditions as described 
in section 3.4.2, until thermal equilibrium had been achieved. The 3600 pulse 
combustion cycle was then stepped through in ISo increments, with twenty OH' 
chemiluminescence images and pressure data samples recorded at each location. 
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6.5 Results and Discussion of the Chemiluminescence Imaging 
6.5.1 Introduction 
For each of the five combustor configurations a sequence of instantaneous OH' 
chemiluminescence images was selected to illustrate the spatial and temporal changes 
in OH' signal intensity, and therefore combustion intensity, throughout a complete 
pulse combustor cycle. Initially, within the following discussion, the main combustion 
features present in all of these five OH' sequences will be described by using one of 
the sequences as an example. In subsequent sections the effects of stagnation plate 
position on these combustion features will then be detailed. Throughout the discussion 
the information from the OH' images is combined with the knowledge gained form 
the flow visualisation study to gain further insights into mechanisms leading to the 
formation of NO and NOz. 
6.5.2 An Example of a Helmholtz Pulse Combustor Cycle 
Figure 6.2(a)-(b) shows an example sequence of instantaneous OH' 
chemiluminescence images, representing configuration 2, with text added to 
summarise the main combustion features. To aid the analysis, the individual OH' 
images contained within the sequence have been selected to correspond to the cycle 
positions of the flow visualisation images shown in figures 5.6 and 5.7. It is important 
to remember, when comparing these results, that the chemiluminescence images 
represent a line of sight integration of the OH' signal as opposed to the 2-D sheet 
image of the flow visualisation results. 
In figure 6.2(a), at a cycle angle of 45°, ignition has occurred along the entire leading 
edge of the incoming fresh reactants. This is seen in the image as a thickened line of 
increased OH' intensity, the shape of which corresponds to the leading edge of the 
incoming reactants shown in figure 5.6. Later in the pulse combustion cycle, at 90°, 
the structure of the counter rotating toroidal vortices becomes visible. As the toroidal 
vortices gain in strength, ignition continues along the growing interface between the 
residual radical activity and fresh reactants. The 'flame front' surface area grows 
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rapidly as the toroidal vortices rotate. Consequently, at a cycle position of 180°, the 
OH' emission intensity, particularly in the downstream vortex, increases significantly. 
At this position, the combustion chamber pressure begins to rise above its mean value. 
The OH' emission continues to increase rapidly until at 225° (figure 6.2(b)) the 
combustion rate is at a maximum with a strong OH' signal from the entire optically 
accessed region of the combustion chamber. Overall, the combustion then begins to 
subside. However, OH' radical activity persists around the stagnation plate. By the 
end of the pulse combustion cycle, at 360°, combustion/radical activity is still present 
in the inlet region of the combustion chamber. This residual activity provides the 
ignition source for the subsequent cycle. 
Considerably more instantaneous Images were recorded of the OH' 
chemiluminescence emission than are presented in figure 6.2. By spatially averaging 
the OH' intensity for all of the images and plotting the results against cycle angle, a 
representation of the global heat release within the combustion chamber could be 
obtained. This follows the work of Keller and Westbrook who showed that the peak in 
the rate of OH' production coincides with the peak in the heat release within the 
combustion zone [22]. The calculated spatial mean OH' chemiluminescence curve can 
be seen in figure 6.3. It is apparent from the curve that, throughout the entire cycle, 
the OH' intensity neve'r falls below zero. This residual radical activity/combustion is 
responsible for ignition of the following cycle, a result that is in close agreement with 
the work of previous investigators [18,20]. The mean OH' curve also shows that, after 
a rapid increase, the OH' intensity reaches a peak at a cycle angle of about ~25°. The 
point of maximum heat release therefore precedes peak combustion chamber pressure 
at 270°. 
Further analysis of the OH' emission images was performed by dividing each image 
into three vertical regions and finding the mean OH' intensity for each, In this way, a 
fuller understanding of the stream-wise position, and relative timing, of the 
combustion zone within the optical section could be achieved. Since OH' 
chemiluminescence images were also recorded with the optical section in the 'middle' 
position it was therefore possible to add these mean OH' intensity values into the 
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analysis. The location of the five regions where a mean OH' intensity value was 
calculated is illustrated in figure 6.4. 
Figure 6.5 shows a plot of the mean OH' intensity curves corresponding to the five 
regions. Region 2, i.e. just downstream of the stagnation plate, contained the initial 
build up in OH' intensity. However the rapid increase in OH' intensity in region 3 
resulted in the largest peak, indicating the most intense combustion in that region. 
Delayed from this peak are the peaks for regions I and 2, showing that combustion in 
these upstream regions was stronger, later in the cycle. Activity in region I, i.e. the 
inlet region, towards the end/start of the cycle can be seen as a slightly elevated OH' 
level. As discussed previously, radical activity in this region is responsible for re-
ignition of the fresh reactants in the subsequent cycle. Combustion in region 4 is 
significantly less, and delayed from that found in the neighbouring upstream region 3. 
A virtually flat OH' line, corresponding to region 5, indicates the limit of the 
combustion zone. The majority of the combustion is therefore contained within the 
first four regions i.e. the upstream 120 mm of the 220 mm long combustion chamber. 
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Figure 6.2(a) - Example sequence of instantaneous OH' chemiluminescence 
images for test configuration 2 (cycle angle 450 to (800) . Colour sequence red, 
orange, yellow, green, blue and black indicates decreasing levels of OH' intensity. 
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This residual combustion 
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2250 
Peak in the patiall y 
averaged OH' 
chemiluminescence signal 
indicates the peak heat 
release point within the cycle 
Combustion persists around 
the stagnation plate 
Figure 6.2(b) - Example sequence of instantaneous OH" chemiluminescence 
images for test configuration 2 (cycle angle 225° to 360°). Colour se~uence red, 
orange, yellow, green, blue and black indicates decreasing levels of OH intensity. 
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Figure 6.3 - A plot of spatial mean OH' intensity against cycle angle for test 
configuration 2. The spatial mean was calculated over the entire area imaged 
through the optical section (forward position). The curve indicates the timing 
of the heat release within the combustion chamber. 
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Figure 6.4 - An illustration showing the location of the five regions used in the 
spatial mean OH' analysis, 
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Figure 6.5 - Plots of spatial mean OH' intensity against cycle angle for each of 
the five regions illustrated in figure 6.4. The results are for test configuration 2. 
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6.5.3 Chemiluminescence Results and Discussion for Test Configurations 4 and 5 
Presented in figure 6.6(a)-(b) are the instantaneous OH' chemiluminescence image 
sequences for test configurations 4 and 5. These test configurations correspond to 
operation of the combustor with a 2.4 m long tailpipe and a stagnation plate distance 
of 55 mm and 30 mm respectively. Using the same method as described in the 
previous section, all the OH' images gathered during testing were spatially averaged 
to allow a representation of the heat release within the combustion chamber to be 
determined. The curves obtained by plotting the mean OH' intensity values, 
calculated from the entire image (the optical section in the forward position), are 
shown in figure 6.7. Mean OH' values corresponding to the regions illustrated in 
figure 6.4, are plotted for the two test cases in figure 6.8(a)-(b). Care has been taken to 
ensure, for all of the results presented above, that the arbitrary OH' scales remain 
constant. This includes the colour scales of the OH' image sequences. By ensuring 
this, the relative strengths of the OH' signals, between the two test cases, can be 
compared. 
In chapter 5, the flow visualisation images showed how the position of the stagnation 
plate altered the fluid flow and mixing processes occurring at the upstream end of the 
combustion chamber. The stagnation plate position determined the strength and 
timing of two counter-rotating toroidal vortices. These vortices play an important role 
in the pulse combustion cycle by mixing the incoming fresh reactants with residual 
gases from the previous cycle. The flow visualisation images showed, by moving the 
stagnation plate further into the combustion chamber, that the formation of the 
toroidal vortices was delayed and that this subsequently delayed/decreased the mixing 
between the fresh reactants and residual gases. When the combustor was operated 
with the 2.4 m long tail pipe and the stagnation plate position varied from 30 mm to 
55 mm, the frequency remained essentially constant and the effect of the flow reversal 
from the tailpipe was minimal. Under these conditions, it was proposed that the 
decrease in mixing lead to a more compact and hotter combustion zone. This 
consequently resulted in an increase in the production of thermal NO and a decrease 
in the oxidation of NO to N02. Part of the purpose of the chemiluminescence study 
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was to investigate these effects on the combustion zone of the position of the 
stagnation plate position. 
In the discussions regarding combustion zone size and NO. formation, the heat release 
timings for test configurations 4 and 5 have been considered to be the same (see 
chapters 4 and 5). The plots contained in figure 6.7 confirm this assumption with the 
peak heat release timings occurring at virtually constant cycle angles of 223 ° and 
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The OH' image sequences in figure 6.6(a)-(b) visibly show the change in structure of 
the combustion zone as the' stagnation plate position is changed. At the larger 
stagnation plate position of 55 mm, the OH' image sequence indicates an intense 
region of combustion centred around the stagnation plate (the appearance of intense 
combustion immediately downstream of the stagnation plate is just a line of sight 
effect). The position of this combustion zone agrees well with the flow visualisation 
images presented in figure 5.4(e) and illustrates how the reduction in mixing has 
produced a more compact burning region. This is particularly evident when the OH' 
image sequence at the shorter stagnation plate distance of 30 mm is compared. 
Around the point of peak combustion (210°) the images show a more even distribution 
of OH', implying that the combustion is more diffusely spread throughout the 
combustion chamber. The more intense combustion zone produced with the larger 
stagnation plate distance is also evident from the significantly higher mean OH' peak 
in figure 6.7. 
The plots in figures 6.8(a)-(b) provide additional support to the conclusions being 
drawn. When operating with the larger stagnation plate distance, the regions either 
side of the stagnation plate (regions 2 and 3) produced high mean OH' intensity 
peaks. This reaffirms the deduced position of the intense combustion zone seen in the 
instantaneous OH' image sequence. In comparison, with the shorter stagnation plate 
distance, the mean OH' peaks are roughly of equal height across the three upstream 
regions. This indicates a more evenly distributed combustion zone and, since the 
mean OH' peaks have a lower magnitude, that the combustion is less intense. 
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With the additional information provided by the chemiluminescence study, the trends 
of NOx and N02INOx ratio observed, for the two test configurations currently under 
discussion, can be explained. With a stagnation plate distance of 55 mm, the 
delayed/decreased mixing results in more compact combustion zone, with less 
interaction between burning reactants and residual gases. The heat transfer from 
burning reactants to cooler residual gases is reduced and this results in a higher 
temperature combustion zone in which the residency times will be longer. With 
increased combustion temperatures and residency times, the production of thermal 
NO will be higher. As discussed earlier in section 5.3.3.2, it seems likely that this 
hotter combustion environment, with less interaction with cooler residual gas regions, 
will be less conducive to the formation ofN02. 
Conversely, with the shorter stagnation plate distance of 30 mm, there is more mixing 
generated between the incoming reactants and the residual gases. This produces a 
more diffuse combustion zone, which is cooler due to the increased heat transfer 
between the burning reactants and residual gases. This environment produces a 
reduction in NO formation and, with increased interaction between burning reactants 
and cooler residual gas regions, an increase in the conversion of NO to N02. 
These points regarding NO and N02 formation are illustrated in figure 6.9(a)-(b). For 
the two test configurations, a flow visualisation Image and an OH' 
chemiluminescence image, both corresponding to the point of peak heat release, have 
been combined to show the difference between the combustion zones. Also indicated 
on the figures are the respective values of NO x and N02INOx ratio. 
A further inspection of the OH' chemiluminescence results provides an additional 
insight into the pulse combustion process. With the shorter stagnation plate distance 
of 30 mm, the OH' images sequences in figu~e 6.6(a)-(b) show that the combustion 
initially built up earlier in the cycle and then persisted for longer at the end. Although 
the peak combustion intensity is lower than that attained with a 55 mm stagnation 
plate distance, the overall combustion period lasts for a greater proportion of the total 
cycle time. The mean OH' intensity plots in figure 6.S(a)-(b) provide the same 
conclusion. When a comparison is made between the two stagnation plate distances, 
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the shorter plate distance (figure 6.8(b)) shows an earlier build up in OH' intensity in 
regions 2 and 3. At the end of the cycle the OH' intensity then persists for longer at 
the upstream end of the combustion chamber in region 1. Combustion late in the cycle 
in this region is particularly evident in the images in figure 6.6(b) as OH' radical 
activity around the upstream surface of the stagnation plate - i.e. cycle angle 300° to 
360°. 
Since combustion/radical activity in the inlet region is responsible for re-ignition of 
fresh reactants, it would be expected that an increase in the radical activity would 
provide a more consistent ignition source. This may explain the increase in stability of 
the pulse combustor observed when the combustor was operated with the shorter 
stagnation plate distance of 30mm (see section 4.3.3). This stronger ignition source 
combined with earlier stagnation plate generated mixing also provides an explanation 
for the earlier increase in OH' intensity. 
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Figure 6.6(a) - Instantaneous OH· image sequence for test configuration 4 (2.4m 
tailpipe and 55mm stagnation plate distance). Colour sequence black (regions where 
detector peaked out), white, red, orange, yellow, green, blue and black represents 
high to low OH· intensity. Cycle angle indicated top left of each image. 
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Figure 6.6(b) - Instantaneous OH' image sequence for test configuration 5 (2.4m 
tailpipe and 30mm stagnation plate distance). Colour sequence - red, orange, 
yellow, green, blue and black - represents high to low OH' intensity. Cycle angle 
indicated top left of each image. 
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Figure 6.7 - Plots of spatial mean OH' intensity against cycle angle for test 
configurations 4 and 5. The spatial mean was calculated over the entire area 
imaged through the optical section (forward position). These configurations 
represent operation of the combustor with a 2.4 m long tailpipe and a stagnation 
plate position of 55 mm and 30 mm respectively. The curves indicate the timing 
of the heat release within the combustion chamber. 
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Figure 6.8(a) - Plots of spatial mean OH' intensity against cycle angle for each of 
the five regions illustrated in figure 6.4. The results are for test configuration 4, 
which represents operation of the combustor with a 2.4 m tailpipe and a 55 mm 
stagnation plate distance. 
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Figure 6.8(b) - Plots of spatial mean OH' intensity against cycle angle for each of 
the five regions illustrated in figure 64 The results are for test configuration 5, 
which represents operation of the combustor with a 2.4 m tail pipe and a 30 mm 
stagnation plate distance. 
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Figure 6.9(a) - A montage image showing the flow field and combustion zone at the point of peak heat release (223°) 
for test configuration 4. The lower half of the combustion chamber is shown with a flow visualisation image, the upper 
upstream end with an OH' chemiluminescence image. The two images are to the same scale and an impression of the 
stagnation plate position has been overlaid on the chemiluminescence image. The NO. emission and N02INO. ratio 
measured for this test configuration are also indicated. 
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Figure 6.9(b) - A montage image showing the flow field and combustion zone at the point of peak heat release (21.,0) 
for test configuration 5. The lower half of the combustion chamber is shown with a flow visualisation image, the upper 
upstream end with an OH' chemiluminescence image. The two images are to the same scale and an impression of the 
stagnation plate position has been overlaid on the chemiluminescence image. The NO. emission and NOi NOx ratio 
measured for thi s test configuration are also indicated. 
6.5.4 Chemiluminescence Results for Test Configurations 1,2 and 3 
Figure 6.10(a)-(c) shows the instantaneous OH' chemiluminescence image sequences 
for test configurations I, 2 and 3. These test configurations correspond to operation of 
the combustor with a 1.5 m long tailpipe and a stagnation plate distance of 55 mm, 
30 mm and 15 mm respectively. Using the same method as described in section 6.5.2, 
all the OH' images gathered during testing were spatially averaged to allow a 
representation of the heat release within the combustion chamber to be generated. The 
curves obtained by plotting the mean OH' intensity values calculated from the entire 
image (the optical section in the forward position) are shown in figure 6.11. Mean 
OH' values corresponding to the regions illustrated in figure 6.4, are plotted for the 
three test cases in figure 6. I 2(a)-(c). For all of the mean OH' intensity graphs, the 
arbitrary OH' scale has been kept the same as those in the previous section. However, 
the colour scale of the OH' image sequences has been reduced to allow the detail 
within the images to be seen. 
In the same way as the 2.4 m tailpipe tests, the flow visualisation images for the 
shorter tail pipe configurations showed that the position of the stagnation plate altered 
the amount of mixing within the inlet region of the combustion chamber. As the 
stagnation plate was moved further into the combustion chamber the mixing between 
the fresh reactants and the residual gases reduced. It was suggested, however, with 
these configurations, that the extent of the decrease in mixing was reduced by the 
increasing delay of the peak heat release within the cycle. 
The increasing delay of the peak heat release can be seen in figure 6.11. The peak heat 
release point, corresponding to a 15 mm stagnation plate distance, occurred at a cycle 
of 215°. As the stagnation plate distance was increased to 30 mm, the heat release was 
delayed to 225° and then to 255° as the stagnation plate distance was increased further 
to 55 mm. Figure 6.13 shows a plot of operating frequency against the peak heat 
release cycle angle. 
If the OH' intensity image sequences in figures 6.10(a)-(c) are compared, the siting of 
the combustion zone can be seen to alter in a similar way as described in the previous 
164 
section. With a 55mm stagnation plate distance, the combustion zone is positioned 
around the stagnation plate. As the stagnation plate distance is decreased, the more 
intense regions of OH' intensity, indicated by red regions, appear to more evenly fill 
the combustion chamber. 
The change in the siting of the combustion zone is also partly shown in region plots of 
mean OH' intensity. With a 55 mm stagnation plate distance, see figure 6.12(a), the 
higher OH' peaks in regions 2 and 3 indicate a combustion zone centred around the 
stagnation plate. As the stagnation plate distance is reduced to 30 mm (figure 6.12(b» 
the peaks corresponding to the three upstream regions become more even in height, 
indicating that the combustion is more evenly spread through the combustion 
chamber. Unexpectedly, the results for the 15 mm stagnation plate distance do not 
continue this trend. 
In previous chapter, it was suggested that the mlxmg generated with a IS mm 
stagnation plate distance should be the strongest due to the formation of the largest 
downstream toroidal vortex. The OH' chemiluminescence sequence in figure 6.IO(c) 
shows that this may be an oversimplification. Intense regions of 0 H' radical activity 
can be seen at the downstream end of the optically accessed section, rather than an 
even spread of OH' intensity across the whole combustion chamber volume. These 
more intense areas of combustion are evident in the high mean OH' peak, 
corresponding to region 3, in figure 6.12( c). The reason for more intense regions of 
combustion become apparent when the flow visualisation results are re-inspected. 
Figure 6.14 shows images taken from the injection period of three separate cycles. In 
each image, the fresh reactants can be seen flowing past the stagnation plate as a jet 
and striking the inside of the fused silica cylinder. The toroidal vortex is visible 
downstream of the stagnation plate. Importantly, for this discussion, not all the 
reactants enter this vortex. A sizeable proportion continues to hug the inside of the 
silica cylinder and move downstream, where they burn without mixing significantly 
with the surrounding residual gases. It is the combustion of these unmixed reactants 
which produces the more intense OH' regions in the image sequence of figure 6.10(c) 
(taking into account the 3-D nature of the OH' chemiluminescence images). 
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To a much lesser extent, the effect of reactants flowing down the inside wall of the 
combustion chamber happens at the larger stagnation plate position of 30 mm. 
These findings are similar to those of Keller et al. [9). They suggested that a 
significant portion of the reactants moves down the inside wall of the combustion and 
that this flow was responsible for transporting reactants far downstream into the 
combustion chamber. This flow pattern was deduced using laser Doppler velocimetry 
measurements, although the flow in question lay too close to the edge of the 
combustion chamber to be actually measured. 
Figure 6. I 5(a)-(c) shows a combined flow visualisation Image and OH' 
chemiluminescence image, both corresponding the point of peak heat release, for 
configurations I, 2 and 3. Also indicated in the figures are the respective NOx and 
NOzlNOx ratio values. The flow visualisation images in the figures shows the extent 
ofthe flow reversal from the tail pipe. 
In chapters 4 and 5, the reversal of the trends of NOx and NOz/NO, ratio observed 
with the shorter tailpipe configurations has been discussed. As the stagnation plate 
was moved further into the combustion chamber, it was suggested that the underlying 
effect of a decrease in inlet mixing on NO, formation was counteracted by other 
factors. The most important of these factors was the effect of a flow reversal from the 
tailpipe. This was fully discussed in section 5.4. Other factors, which play a part in 
the reversal of the N Ox trends, are as follows: 
i) As the stagnation plate distance is increased the heat release point within the cycle 
is delayed (see figure 6.13). As the stagnation plate distance is increased from 15 
mm to 55 mm, the cycle angle of the peak heat release delayed from 215° to 255°. 
This delay counters the effect of the stagnation plate position on mixing by 
allowing the mixing process to continue for longer before rapid combustion ensues. 
Any increase in the amount of mixing between reactants and residual gases at 
larger stagnation plate positions will favour a reduction in thermal NO formation 
and an increase in the NOzlNOx ratio. 
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ii) The chemiluminescence and flow visualisations images showed, at small 
stagnation plate distances, that a sizeable proportion of the incoming reactants flow 
down the inside wall of the combustion chamber and are not entrained into the 
downstream toroidal vortex. Without significant mixing with residual gases, these 
reactants bum intensely. These regions of intense combustion and minimal mixing 
would produce more NO than would have otherwise been generated. 
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Figure 6. I O(a) - Instantaneous OH' image sequence for test configuration 1 (1 .5 m 
tailpipe and 55 mm stagnation plate distance). Colour sequence - black (regions 
where detector peaked out), white, red, orange, yellow, green, bl ue and black -
represents high to low OH' intensity 
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Figure 6.10(b) - Instantaneous OH' image sequence for test configuration 2 (1.5 m 
tailpipe and 30 mm stagnation plate distance). Colour sequence - red, orange, yellow, 
green, blue and black - represents high to low OH' intensity 
169 
Figure 6. IO(c) - Instantaneous OH' image sequence for test configuration 3 (1.5 m 
tailpipe and 15 mm stagnation plate distance). Colour sequence - red, orange, 
yellow, green, blue and black - represents high to low OH' intensity 
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Figure 6.11 - Plots of spatial mean OH" intensity against cycle angle for test 
configurations 1, 2 and 3. The spatial mean was calculated over the entire area 
imaged through the optical section (forward position). These configurations 
represent operation of the combustor with a 1.5 m long tailpipe and a stagnation 
plate position of 55 mm, 30 mm and 15 mm respectively. The curves indicate the 
timing of the heat release within the combustion chamber. 
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Figure 6. 12(a) - Plots of spatial mean OH' Intensity against cycle angle for each 
of the five regions illustrated in figure 6.4. The results are for test configuration I, 
which repre ents operation of the combustor with a 1.5 m tail pipe and a 55 mm 
stagnation plate distance. 
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Figure 6.12(b) - Plots of spatial mean OH' intensity against cycle angle for each 
of the five regions illustrated in figure 6.4. The results are for test configuration 2, 
which represents operation of the combustor with a 1.5 m tailpipe and a 30 mm 
stagnation plate distance. 
173 
6000 
c Re80n I 0 
'" 
5000 Re80n2 
] 0 Re80n3 0 ~ 
i:' 
~ 4000 
o 0 
0 0 
:e 
.. 3000 ~ 
i:' 
' in 
c: 
" 
.E 2000 
"X 
0 
c: 1000 
.. 
" :lE 
0 
0 45 'Xl 135 ISO 225 270 315 3fll 
Cycle Ange(deg) 
Figure 6.12(c) - Plots of spatial mean OH' intensity against cycle angle for the 
first three regions illustrated in figure 6.4. The results are for test configuration 3, 
which represents operation of the combustor with a 1.5 m tailpipe and a 15 mm 
stagnation plate distance. The results for regions 4 and 5 were unfortunately lost. 
174 
&,------------------------------, 
48 
~+-~--,-~-.--~-.----~--~-.--~ 
210 220 230 240 250 2ffi 270 
Cycle Angle of Peak Heat Release (Deg) 
Figure 6.13 - Plots of operating frequency against cycle angle of peak heat release 
for configurations 1, 2 and 3. 
175 
Figure 6.14 - Inlet flow visualisation images for test configuration 3. Each 
image shows reactants flowing down the inside wall of the combustion 
chamber as they progress downstream rather than being entrained into the 
toroidal vortex. 
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Figure 6.15(a) - A montage image showing the flow field and combustion zone at the point of peak heat re lease (255°) 
for test configuration 1. The lower half of the combustion chamber is shown with a flow visualisation image, the upper 
upstream end with an OH' chemiluminescence image. The two images are to the same scale and an impression of the 
stagnation plate position has been overlaid on the chemiluminescence image. The NO. emission and N0 2INOx ratio 
measured for this test configuration are also indicated. 
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Figure 6.15(b) - A montage image showing the flow field and combustion zone at the point of peak heat release (225°) 
for test configuration 2. The lower half of the combustion chamber is shown with a flow visualisation image, the upper 
upstream end with an OH' chemiluminescence image. The two images are to the same scale and an impression of the 
stagnation plate position has been overlaid on the chemiluminescence image. The NOx emission and N02INOx ratio 
measured for this test configuration are also indicated. 
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Figure 6.15(c) - A montage image showing the flow fie ld and combustion zone at the point of peak heat release ( 2 15°) 
for test configuration 3. The lower half of the combustion chamber is shown with a flow visualisation image, the upper 
upstream end with an OH' chemiluminescence image. The two images are to the same scale and an impression o f the 
stagnation plate position has been overlaid on the chemiluminescence image. The NO. emission and N02INOx ratio 
measured for this test configuration are also indicated. 
6.6 Results and Discussion of the Laser Induced Fluorescence Imaging 
6.6.1 Introduction 
The laser induced fluorescence study produced qualitative, 2-D images of OH' 
distributions within the combustion chamber. These images provided information 
about the structure of the reaction zone and the location of the re-ignition sites. 
The discussion of the LIF imaging results is divided into three sections: initial 
reaction ignition; structures upstream of the stagnation plate; and structures 
downstream of the stagnation plate. During the LIF investigation of the five 
combustor configurations, the underlying form of the OH structures, seen either side 
of the stagnation plate, were found to be the same. In the following sections, these 
structures are illustrated using a selection of OH LIF images. To allow comparisons, 
the complete OH LIF image sequences, for all the test configurations, are presented in 
Appendix D. It is also useful in the following discussion to refer back to the both the 
flow visualisation and chemiluminescence image sequences contained within the 
previous two chapters. 
6.6.2 Initial Reactant Ignition 
Previous workers have suggested that residual radical activity in the combustion 
chamber is responsible for ignition offresh reactants [10,18). Barr et al. proposed that 
the ignition process is initially delayed during the injection period as a result of the 
high strain rates between the reactants and residual gases [24]. Using the images from 
an OH' chemiluminescence study they found no evidence of ignition along the outer 
edge of the reactant jet as it progressed into the chamber. This result is at odds with 
findings reported here in this thesis. The chemiluminescence images presented in 
section 6.5 clearly indicated that, as the reactants entered the combustion chamber, 
ignition occurred along the interface between reactants and residual gases. The images 
obtained during the LIF study also supported this finding. Figure 6.15 shows several 
OH LIF images, taken downstream of the combustion chamber inlet, which capture 
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the fresh reactants entering the chamber. The quality of the LIF images is 
unfortunately quite poor due to background noise. However, the extent of the 
reactants can still be seen as a darker region against the lighter OH' radical region of 
the residual gases. At the interface between the reactants and residual gases, there is 
clearly a brighter strip in the images, which indicates higher OH' radical 
concentrations and therefore the presence of a reaction zone. Ignition of the fresh 
reactants is not suppressed and occurs as soon as the reactants enter the chamber. 
6.6.3 Structures Upstream of the Stagnation Plate 
A selection of cycle-resolved OH LIF images are presented sequentially in 
figure 6.16(a)-(b) to illustrate a complete pulse combustion cycle. The images were 
recorded with the pulse combustor operating in configuration 2 and show the region 
between the combustion chamber inlet and the stagnation plate. To allow the 
structures contained within each image to be seen, each image has been individually 
scaled. It is therefore impossible to make any comparison of OH intensity between the 
Images. 
In figure 6.16(a), from a cycle angle of 0° to 50°, the reactants enter the chamber and 
progress down towards the stagnation plate. The increased OH L1F signal along the 
interface between the reactants and residual gases indicates that ignition has occurred. 
As the reactants continue to enter the chamber, the toroidal vortex can be seen to form 
upstream of the stagnation plate (66° - 176°). Residual OH radical activity persists in 
the comer of the combustion chamber and this region is entrained into the toroidal 
vortex. The initial stage of this entrainment is particularly evident in the 97° image 
and a more advanced stage is shown in the 176° image. From 211° onwards, the 
structure of the vortex begins to disappear and rapid combustion of the reactants takes 
hold. The convoluted shape of the burning regions (lighter regions) indicates the 
extent of the mixing that has occurred previously and, with the large surface generated 
for combustion, reactants are consumed rapidly. Towards the end of the cycle, the 
majority of the region covered by the image is full of OH radical activity and the 
cycle is ready to be repeated. 
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6.6.4 Structures Downstream of the Stagnation Plate 
The OH LIF images show the structure of the toroidal vortex that formed downstream 
of the stagnation plate. In figure 6.17, the darker area of the reactants can be seen 
jetting past the stagnation plate and rolling up into the vortex. The front of the reactant 
jet generally developed into an 'arrowhead' like shape (see for example, the 95° 
image in figure 6.17). As the jet progresses further, the 'barbs' of this arrowhead 
develop into longer structures and are wrapped into the toroidal vortex. 
Lighter regions in the images, along the interface between reactants and residual 
gases, indicate that combustion was in progress during the formation of the vortex. 
Clearly, the rotation of the vortex and the subsequent dramatic increase in the surface 
area of the reaction zone provides the necessary mechanism for the rapid combustion 
of the reactants. It is clear that the "almost volumetric combustion process" suggested 
by Keller et al. [9] is not occurring in this pulse combustor. 
With a shorter stagnation plate distance, the increase in reaction area and rapid 
combustion will occur earlier in the pulse combustion cycle. This will effect the 
phasing between the heat release and the resonant pressure wave, leading to the 
change in operating frequency and peak pressure amplitude observed during the 
parametric study. 
The images in figures 6.17 illustrate the intimate mIXIng that occurs between 
incoming reactants and residual gases. With the large surface areas that are generated 
for combustion, heat can be more readily transferred from the hot combustion 
products to the cooler residual gases from the previous cycle. Peak temperatures 
within the reaction zone and the residency time at high temperatures will both be 
reduced by this heat transfer. This mechanism reduces the formation of thermal NO 
within the pulse combustion cycle. 
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Figure 6.15 - OH laser induced fluorescence images of the inlet region of the 
combustion chamber. Lighter regions in the greyscale images indicate a stronger 
OH signal. In each image, the stronger OH region along the interface between the 
reactants and residual gases indicates a reaction zone and shows that ignition has 
taken place. 
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Figure 6.16(a) - OH UF sequence of the first half of the pulse combustion cycle. 
Lighter regions in the greyscale images indicate a stronger LIF signal. The images 
show the inlet region when the combustor was operating in test configuration 2. 
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Images 211 ° - 276°: Expanding regions of OH' signal indicates the start of the rapid combustion of the 
fresh reactants. The structures of the upstream vortex still present within the burning regions. Large 
reaction zone surface area. 
Images 287° - end: Combustion across the whole region, dying down towards the end of the cycle. 
Radical activity/combustion present to ignite the next cycle. 
Figure 6.16(b) - OH LIF sequence of the second half of the pulse combustion cycle. 
Lighter regions in the greyscale images indicate a stronger LIF signal. The images 
show the inlet region when the combustor was operating in test configuration 2. 
185 
Figure 6.17 - OH LIF images of the region immediately downstream of 
the stagnation plate. The masked region of the stagnation plate can be 
seen in the upper right of each image. Lighter regions in the greyscale 
images indicate a stronger LIF signal. The cycle angle and test 
configuration number of each image is as indicated. 
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6.7 Conclusions 
The ignition source for the incoming reactants was found to be residual 
combustion/radical activity in the inlet region of the combustion chamber. 
As the reactants entered the combustion chamber, ignition occurred along the 
interface between the reactants and the residual gases. There was no evidence of 
ignition suppression during the injection of reactants, as suggested by Barr et al. [24]. 
Ignition/combustion continued along the interface as the reactants fonned the toroidal 
vortices. The significant increase in the surface area of the reaction zone provided the 
necessary mechanism for the rapid combustion of the reactants. There was no 
evidence of a spatially homogeneous ignition or a distributed reaction zone. 
The chemiluminescence study provided information on the temporal and spatial 
distribution of the combustion zone and allowed the effects of the stagnation plate 
position to be investigated. For test configurations 4 and 5 (2.4 m tailpipe, 1.6 I.. and 
stagnation plate distance of 55 mm and 30 mm respectively), the results supported the 
conclusions drawn during the flow visualisation study. The decreased mixing 
associated with the larger stagnation plate distance produced a smaller more compact 
combustion zone. In contrast, the shorter stagnation plate distance produced a larger 
more diffuse combustion zone. The difference in peak combustion temperature and 
residency time that would be found in these combustion zones explained the trends of 
NO. and NOzINO. measured during the parametric study. 
For test configuration 3, 2 and I (1.5 m tailpipe and 1.41..), the peak heat release point 
was found to delay from 215° to 255°, as the stagnation plate distance was increased 
from 15 mm to 55 mm. The subsequent increase in the time available for mixing 
before rapid combustion ensued was used to partly explain the reversal in the NO. and 
NOzINO. trends observed for these configurations. In support of this mechanism, a 
smaller discrepancy in the magnitude of the OH' intensity peaks for test 
configurations 1, 2 and 3, was found, when compared to those for configurations 4 
and 5. 
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It was found, with the 15 mm stagnation plate distance of configuration 3, that a 
sizeable proportion of the incoming reactants flowed down the inside wall of the 
combustion chamber and were not entrained into the downstream toroidal vortex. 
Without significant mixing with residual gases, these reactants burned intensely and 
would have been regions of higher NO production. This effect is a further mechanism 
which explains the reversal in NOx and NOzlNOx trends seen for the 1.5 m tailpipe 
configurations. 
188 
CHAPTER 7 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
7.1 Conclusions 
7.1.1 Overview 
This thesis has presented an experimental investigation into the effects of the stream-
wise position of a stagnation plate on the combustion, NOx formation and mixing 
processes occurring within the combustion chamber of a Helmholtz pulse combustor. 
The experimental investigation consisted of a parametric study, to map out the 
performance envelope of the combustor, followed by flow visualisation and 
chemiluminescence/laser induced fluorescence studies. The flow visualisation study 
was concerned with investigating the effects of stagnation plate position on the flow 
field and mixing processes occurring within the combustion chamber. The 
chemiluminescence/laser induced fluorescence study investigated the effects of the 
stagnation plate position on the combustion processes. 
The main findings of the three experimental studies are summarised in the following 
sections. A separate section has been devoted to the conclusions regarding the 
formation ofNOx • 
7.1.2 Parametric Study 
The parametric study was performed to characterise the response of the pulse 
combustor to changes in the stream-wise position of the stagnation plate. The study 
was conducted by mapping out individual operating envelopes, with stagnation plate 
distance and air/fuel ratio as the variables, across a range of tailpipe lengths. The 
findings of the parametric study can be summarised as follows: 
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I) As the stagnation plate was moved into the combustion chamber, the heat release 
timing within the pulse combustion cycle was delayed. This produced a decrease 
in the operating frequency and, since the heat release initially preceded the 
resonant pressure peak, an increase in the peak pressure amplitude. 
2) The largest frequency range achieved by adjusting the position of the stagnation 
plate was from 66 Hz to 45 Hz. This was produced by a 75 mm movement of the 
stagnation plate. The maximum and minimum peak pressure amplitudes across 
this range were 0.167 bar and 0.077 bar. It was found that the achievable 
frequency range reduced as the tailpipe length was increased. This occurred to 
such an extent that with a 2.4 m long tail pipe and operating at a relative air/fuel 
ratio of 1.6 the operating frequency remained virtually constant as the stagnation 
plate position was varied. 
3) The most stable pulse combustion was found to occur with the effective heat 
release point preceding the resonant pressure peak. Operation outside of this 
regime was unstable and produced increased levels of CO. 
4) From a design standpoint, the stream-wise positioning of a stagnation plate can be 
used to achieve very stable pulse combustion. However, tailoring the combustion 
process to a specific design requirement, for example, high peak pressure or low 
NOx emissions, will often be at the expense ofthis stability. 
7.1.3 Flow visualisation Study 
During the flow visualisation study, the fluid motion within the combustion chamber 
was imaged using a time-resolved laser sheet visualisation system. This imaging 
system was applied to the five combustor configurations that were selected at the end 
of the parametric study. These configurations were chosen to allow the effects of 
stagnation plate position to be investigated. The main findings of the flow 
visualisation study may be summarised as follows: 
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I) The inlet reactant injection into the combustion chamber was found to be 
dominated by the formation of two counter-rotating toroidal vortices. These 
vortices mixed the incoming reactants with residual gases from the previous cycle. 
2) As the stagnation plate was moved further into the combustion chamber the 
positioning and relative strength of these vortices changed. With the stagnation 
plate close to the inlet, a large vortex was formed downstream of the stagnation 
plate. As the stagnation plate was moved further into the combustion chamber, the 
downstream vortex reduced in strength and a larger proportion of the incoming 
reactants remained unmixed upstream of the stagnation plate. 
3) Under conditions approaching a constant operating frequency, it was proposed 
that the inlet mixing reduced substantially as the stagnation plate was moved 
further into the combustion chamber. 
4) As the stagnation plate was moved into the combustion chamber, the strength of 
the flow reversal from the tailpipe increased. This trend was particularly evident 
with the lower mean stream-wise velocities produced by operating at a lower 
air/fuel ratio. With a 1.5 m long tailpipe, a stagnation plate position of 55 mm and 
a relative air/fuel ratio of 1.4, the flow reversal penetrated over a third of the way 
back into combustion chamber. 
7.1.4 Chemiluminescence and Laser Induced Fluorescence Studies 
The chemiluminescence study provided information on the temporal and spatial 
distribution of the combustion zone and allowed the effects of the stagnation plate 
position to be investigated. The main findings of this study were: 
I) Residual radical activity was present in the combustion chamber throughout the 
entire pulse combustion cycle. Radical activity in the inlet region was the re-
ignition source for the incoming fresh reactants. 
2) Under conditions approaching a constant operating frequency, the results 
supported the conclusions drawn during the flow visualisation study. The 
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decreased mixing associated with the larger stagnation plate distance produced a 
smaller more compact combustion zone. In contrast, the shorter stagnation plate 
distance produced a larger more diffuse combustion zone. 
3) With a 15 mm stagnation plate distance, the chemiluminescence images showed 
that a sizeable proportion of the incoming reactants flowed down the inside wall 
of the combustion chamber and were not entrained into the downstream toroidal 
vortex. These reactants burned intensely without any significant mixing with 
residual gases. It was proposed that this mechanism would tend towards 
increasing NO formation at these extreme stagnation plate positions. 
The laser induced fluorescence study of OH radicals provided detailed 2-D images of 
the reaction zone and enabled the re-ignition site to be established. The finding of the 
study were: 
1) The ignition source for the incoming reactants was found to be residual 
combustion/radical activity in the inlet region of the combustion chamber. As the 
reactants entered the combustion chamber, ignition occurred along the interface 
between the reactants and the residual gases. 
2) Ignition/combustion continued along the interface as the reactants formed the 
toroidal vortices. The dramatic increase in the surface area of the reaction zone 
provided the necessary mechanism for the rapid combustion of the reactants. 
There was no evidence of a spatially homogeneous ignition or a distributed 
reaction zone. 
7.1.5 NOx Formation 
Throughout the entire parametric study, the formation of NOx was found to be more 
dependent on air/fuel ratio than stagnation plate position. With a constant stagnation 
plate position the largest range in NOx emissions was from 4.3 ppm to 41.5 ppm 
(3%02, dry) as the relative air/fuel ratio was decreased from 1.6 to I.l. In comparison 
the largest range achieved by altering the position of the stagnation plate was 5.3 to 
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13.8 ppm. When the combustor was operating in its most stable configuration the NO. 
emissions were 8.6 ppm (3%02, dry). 
The trend of NO. emissions versus stagnation plate position was found to be 
dependent on the configuration of the combustor. With a 2.4 m long tail pipe and 
operating at a relative air/fuel ratio of 1.6, the NOx emissions rose substantially as the 
stagnation plate was moved into the combustion chamber. The strength of this trend 
was found to weaken as both the tail pipe length was shortened and the combustor was 
operated at a lower relative air/fuel ratio. This happened to such an extent that when 
the combustor was operated with a 1.5 m tailpipe and at a relative air/fuel ratio of 1.4 
the NO. emissions slightly fell with increasing stagnation plate distance. 
Generally, the N021N0. ratio trends were opposed to the NOx trends - a rise in NOx 
emissions with stagnation plate distance was accompanied by a decrease in N021N0x 
ratio and vice-versa. 
The NOx trends were explained by considering the mixing generated by the stagnation 
plate between the reactants and residual gases. Under conditions of minimum flow 
reversal and constant operating frequency the amount of mixing reduced as the 
stagnation plate was moved further into the combustion chamber. This produced a 
smaller, more compact combustion zone with less interaction between the reactants 
and cooler residual gases. The increased peak combustion temperatures and longer 
residency times associated with this combustion zone produced the increasing trend of 
NOx emissions. Since the oxidation of NO to N02 is associated with cooler 
combustion regions, the hotter combustion zone, with less mixing with the cooler 
surroundings, was not conducive to the formation ofN02. This lead to the decreasing 
trend ofN021N0x ratio with increasing stagnation plate distance. 
The weakening and then reversal of the NOx trends was explained by considering 
mechanisms that would counteract the effect of the stagnation plate on inlet mixing. 
Two main mechanisms were identified: 
I) With the shorter tail pipe configurations, the magnitude of the flow reversal from 
the tail pipe was found to increase substantially as the stagnation plate was moved 
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into the combustion chamber. The inflow of cooler tailpipe gases, plus the 
increase in heat transfer augmentation from the combustion chamber, lowered 
residual gas temperature and counteracted the effect of a reduction in inlet mixing 
on the formation of NO. 
2) The increasing heat release delay encountered with the shorter tailpipe 
configurations increased the time available for mixing before rapid combustion 
ensued. This counteracted the reduced/delayed mixing generated by the stagnation 
plate. 
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7.2 Suggestions for Further Work 
The work in this thesis has shown that the quantity of NOx produced by the pulse 
combustor was primarily determined by the amount of mixing generated between the 
incoming fresh reactants and the residual gases. It was proposed that the level of 
mixing, which was controlled by the position of the stagnation plate, affected thermal 
NO production by altering the peak combustion temperature and residence time 
within the combustion zone. Clearly, the immediate task of any future work would be 
to investigate further this important relationship between inlet mixing and combustion 
chamber temperature. The temperature fields, both spatial and temporal, should be 
measured and the effect that the stagnation plate position has on these fields 
characterised. 
Measurements of gas temperature within the combustion chamber could be made 
using a traditional fine· wire thermocouple approach or a non-intrusive optical 
approach such as TLAF (Two-Line Atomic Fluorescence) [4,11,28]. 
Following the work of Keller and Hongo [11], the temperature measurements taken 
within the combustion chamber could be used to calculate the theoretical production 
of thermal NO, which would then allow comparisons to be made with the actual 
tail pipe measurements. The role of both the flow reversal from the tailpipe and heat 
transfer enhancement on the production of NO should also be investigated. 
In parallel to any further experimental measurements, it would be useful to develop a 
computer simulation of the pulse combustion process. Previous workers have used a 
one-dimensional approach to produce basic predictions of combustor performance and 
the effect of design changes [94,95]. However, these models would be incapable of 
simulating the mixing fields generated by a stagnation plate. It would be essential to 
model these mixing fields in order to simulate the effect that the position of the 
stagnation plate has on both the operation of the combustor and the formation of NO. 
The Large-Eddy·Simulation (LES) approach may provide a method of modelling 
these flow interactions. In LES the larger turbulence scales are solved directly 
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whereas the smaller scales are modelled. Rodi gives an overview of the recent work in 
the field of LES [96] 
Finally, the active-radical re-ignition process found within pulse combustors is an area 
that deserves more research effort. Detennining both the local temperature and the 
concentrations of radical species present in the re-ignition zones would be crucial in 
the study of the mechanisms governing this process. These results would have 
particular relevance to the automotive industry where auto-ignition mechanisms are 
currently being investigated as a means of achieving lean-burn, low-emission 
engines [97,98,99]. 
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APPENDIX A 
PARAMETRIC STUDY DATA 
For each of the four operating envelopes, the parametric study results have been 
grouped into five data sets. These are: 
1. Operating Frequency Data 
2. Mean Peak Pressure Data 
3. NOx Emission Data 
4. CO Emission and CO/C02 Ratio Data 
s. Actual Relative AirlFuel Ratio and Test Order 
During testing the relative air/fuel ratio was calculated by the exhaust gas analyser. 
The actual relative air/fuel ratio, contained in the fifth data set, is the ratio that was 
calculated after testing to incorporate. the corrections made for the drift of the 
analysers. 
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1.5m Tailpipe Parametric Results: NOx Emission Data 
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7.77 0.40 7.70 0.36 7." 0.33 1,16 0.32 8.63 
4." 3.09 4.95 2.76 '22 2.62 ,.,. 2.61 5.8) 
5.43 0.51 5.36 0.44 5.37 0.39 5,)4 0.36 5.61 
2.64 2.79 3.00 2.36 3.29 2.08 3,43 1.91 3.58 
4.16 
2.33 
A = NO, emission (ppm) (3%0,. dry) 
B = NO,INO, ratio 
C = NO emission (ppm) (3%02• dry) 
D = NO, emission (ppm) (3%0,. dry) 
0.29 
3." 
0,32 
2.80 
0.37 
2.09 
0.44 
1.83 
25 20 15 IQ 
41.47 0.22 
32.15 9.31 
23.82 0.23 
18.30, 5.52 
14.18 0.26 14.51 0.29 16.45 0.24 
10.45 . 3,73 10.34 4.11 12.48 3.97 
8.61 0.28 8.13 0.30 US 0.29 9.82 0.23 
6.23· 2.38 '69 2.44 6.3) 2,63 7.57 2.25 
'.86 0.33 '.66 0.35 '.94 0.33 
3.91 1.95 3.69 1.97 3.97 1.96 
4.32 0,42 
2.51 1.80 
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1.8m Tailpipe Parametric Results: NO. Emission Data 
75 70 65 60 
7.n 0.88 7.71 0.81 7.66 0.69 7.58 0.60 
0." 6.81 1.'- 6.25 2,. 5.31 3.01 4." 
5.20 0.84 
O.BS 4.35 
["AB"] = Operating envelope l£EJ 
Stagnation plate distance, x (mm) 
55 
10.94 0.)6 
7.04 3.90 
7.62 0.52 
3.67 3.95 
'.36 0.79 
1.11 4.2> 
50 45 40 35 30 
17.17 
12.81 
10.40 0.34 10.11 0,33 9.95 0.34 9.91 0.33 11.01 
6.89 3,51 6.81 3.30 6.62 3,33 660 1.31 7.89 
7.0S 0.48 7.42 0.40 6.86 0.39 6.51 0.35 7.33 
3.70 J.1S 4.45 2.97 4.18 2.68 '.26 2.25 •. n 
S.11 0.71 5.17 0.59 '.04 0.57 ,.os 0.58 5.24 
1.46 3.65 2.11 l.OS 2.IS 2.89 214 2.91 2.75 
A = NO, emission (ppm) (3%0" dry) 
B = NO,INO, ratio 
C = NO emission (ppm) (3%0" dry) 
D = NO, emission (ppm) (3%0" dry) 
0.25 
4.30 
0.28 
1.12 
0.35 
2.56 
0."8 
2."9 
25 20 15 lO 
18.28 ·0.25 23.24 0.28 27.88 0.2S 20.42 0.17 
13.69 4.59 16,80 .... 20.89 '.99 1t.i.lS1 3.56 
10.56 0.32 
7.17 3.39 
7.1l 0,J6 7.22 0,37 6.45 0.39 
4.53 2.60 4.57 2.65 3." 2 .. 49 
'.02 0.45 '.06 0.43 4.86 0.40 
2.79 2.24 2.90 2.17 2.93 1.93 
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2.1 m Tailpipe Parametric Results: NO, Emission Data 
75 70 65 60 
10.42 0.54 9.23 0.56 9.12 0.52 
• .80 5.61 4.10 5.14 .34 4.78 
7.79 0.85 7.52 O.SI 7.14 0.76 '.69 0.77 
1.13 '.66 1.43 '.09 1.74 5.40 1.57 5.13 
I ~ ~ I = Operating envelope 
Stagnation plate distance, x (mm) 
55 
8.09 0.54 
3.70 4.40 
5.74 0.82 
1.01 4.73 
50 45 40 35 30 
30.29 
23.08 
17.87 
'." 
.' 
12.67 
10.42, 0.33 10.91 
6.94: 3."49 ~7.74-
9.33 0.39 8.75 0.39 8.06 0.38 7.68 0.40 8.36 
5.66 3.67 5.35 3.40 4.96 3.10 '.65 3.04 5.88 
7.33 0.56 • .80 0.59 '.13 0.62 5.59 0.58 5.51 
3.24 ·4.09 282 3.98 235 3.78 235 3.24 231 
A = NO, emission (ppm) (3%02, dry) 
B = N02INO, ratio 
C = NO emission (ppm) (3%02 , dry) 
D = N02 emission (ppm) (3%02, dry) 
0.24 
7.2i 
0.29 
5.20 
0.29 
3.17 
0.30 
248 
0.58 
3.'" 
25 20 15 ID 
25.66 0.01 36.58 0.23 
25.38 0.28 28.10 8.49 
7.57 0.37 6.76 0.36 
4.75 2.82 '31 245 
5.42 0.52 5.14 0.46 4.99 0.41 
261 281 279 235 294 206 
N 
N 
o 
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2.4m Tailpipe Parametric Results: NOx Emission Data 
75 70 65 60 
\3.77 0.)6 1254 0.38 II.~ 0.39 
8.82 4.95 7.83 4.71 7.07 ..... 
10.74 0.45 10.14 0.42 
'.92 4,83 5.88 '.26 
11.41 0.49 1 LOS 0 .... 9.9) OAS US 0.48 
S.87 S.S5 6.00 5.0S '.44 4A9 4,62 4.23 
I ~ ~ I = Operating envelope 
Stagnation plate distance, x (mm) 
55 
12.38 0,37 
7.79 ".59 
10.46 0« 
S.IS 4.61 
9.304 0,47 
'.99 4lS 
1.65 0,52 
3.70 3.95 
50 45 40 35 30 
27.78 0.28 31.85 
19.97 7.81 24.39 
.nO) 0.30 17.81 0.31 16.27 0.29 
11.92 'Ul 12.24 S.S8 IUl 4,74 
12.13 0.33 11.47 0.34 10.30 0.32 10.4' 
8.17 . 3.97 7.57 3.91 7.04 '.26 7.45 
11.08 0.41 10.)0 0,38 9.13 0.39 1.47 0.42 8.40 
6.58 •. so 6 .. 41 3.89 S.SS 3.58 4.91 '.56 5.68 
9.48 0.46 8.33 0." 7.71 o.so 6.59 0.52 6.27 
S.IS .04 '.54 3.79 3.84 3.87 3.IS l.4S '.86 
'.22 0.49 7.54 0.49 6.73 0,55 '69 0.62 '.04 
'.22 4.00 3.82 '.n 3.04 3,68 2.18 ,.so 1.33 
7.09 O.S) 6.42 0.54 5.71 0.61 
3.34 3.75 '92 ),50 '.24 3.46 
A = NOx emission (ppm) (3%0" dry) 
B = NO,lNOx ratio 
C = NO emission (ppm) (3%0" dry) 
D = NO, emission (ppm) (3%0" dry) 
0.23 
7.46 
0.29 
3.02 
0.12 
'.n 
0.54 
3.42 
0.74 
3.71 
25 20 t5 10 
30.71 0.24 
D.27 7.44 
1.95 0.39 5.87 0.41 
'.84 3.11 3.44 2.00 
'.60 0.54 5.)0 0.55 
2.55 3.05 2.39 2.91 
•. 52 0.80 4.42 0.74 4.16 0.66 
0.89 ).63 1.13 3.29 1.41 2.75 
N 
N 
-
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I.Sm Tailpipe Parametric Results: CO Emission and CO/C02 Ratio Data 
75 
0,03 
0,003 
0,05 
0.006 
Key:-
Stagnation plate distance, x (mm) 
70 65 60 55 
0.02 0,01 0.01 0.01 
0,003 0.002 0.002 0.001 
0.0) 0,0) 0.02 0.01 
0 .... 0 .... O.OC)J 0.002 
0.0) 0.01 
0.005 0.002 
m ~ Operating envelope 
50 
0.01 
0.001 
0.01 
O,OCH 
0.02 
0.002 
45 40 35 
0,01 0.01 0,01 
0.001 0,001 0.001 
0.01 0.02 0.01 
0,001 0.002 0.002 
0.01 O.oJ 0.01 
0.001 0,001 0.002 
A = CO emission (%) 
B = CO/C02 ratio 
30 25 
002 
0.002 
0.01 001 
0.001 0.001 
O.o! 0.01 
0.001 0.00. 
0.01 0.01 
0,001 0.001 
001 0,01 
0.001 0,001 
0.01 0.02 
0.001 0 .... 
20 15 10 
O.oJ 0.01 
0.002 0.001 
0.02 0.01 0.01 
0.002 0.002 C.OC)! 
0.01 o.ot 
0.002 0.001 
IV 
IV 
IV 
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1.8m Tailpipe Parametric Results: CO Emission and CO/C02 Ratio Data 
75 
0.02 
O.OOS 
Key:-
Stagnation plate distance, x (mm) 
70 65 60 55 
0.Q2 
O.lXll 
O.QI 0,01 0.01 0.01 
0.004 0.002 0.002 0,001 
0.01 0,01 
0.004 0.00] 
m = Operating envelope 
50 
o.ot 
0,001 
0.01 
0.002 
0.01 
0.002 
45 40 35 
0,01 0.02 0.02 
0.001 0.001 0.002 
0.02 0.01 0,01 
0.002 0.002 0.003 
0.02 0.02 0.01 
0.002 o.ooJ 0.00) 
A = CO emission (%) 
B = CO/CO, ratio 
30 25 
0,02 0.01 
0.002 0.001 
om 0.01 
0.001 0,001 
O.o! 0.01 
0.001 0.002 
0,01 0.01 
O.OC)J 0.002 
20 15 10 
0.01 0.00 0.01 
0000 0.1)01 0.002 
0.01 0.02 
0.002 0.002 
0.01 0.02 
O.OC)! O.OClI 
IV 
IV 
w 
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2.lm Tailpipe Parametric Results: CO Emission and CO/C02 Ratio Data 
75 
0.03 
0.005 
Key:-
Stagnation plate distance, x (mm) 
70 65 60 55 
0.02 '.02 0.01 0.02 
0.003 0003 ,.002 0,00) 
'.02 '.02 '.02 0.02 
0.004 0.003 0.003 '.003 
CJ = Operating envelope 
50 
'.02 
0.002 
0.01 
'.002 
45 40 35 
O.oJ 
0.001 
'.02 '.02 O.oJ 
'.002 0,003 '.002 
0.01 '.02 0_01 
'.002 '.002 '.002 
A = CO emission (%) 
B = CO/C02 ratio 
30 25 
O.CII 0.01· 
0:0<)1 0.002 ; 
0.01 
0'<101 
O.oJ 
0.001 
0,02 0.01 
0.003 '.002 
0.01 '.00 
0.002 0.000 
20 15 IO 
0.01 
. -:. 'O.CI02 
0.01 
0.001 
0.01 0.01 
0.001 '.002 
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2.4m Tailpipe Parametric Results: CO Emission and CO/C02 Ratio Data 
75 
0.02 
0_003 
Key:-
Stagnation plate distance, x (mm) 
70 65 60 55 50 
002 0.01 
0.003 0,001 
0,01 0.01 0.01 0.01 0.01 
0.001 0.001 0.001 0.001 0.001 
0.01 0.00 0.00 0.00 
0.002 0.000 0.000 0.000 
0.00 0.00 0.00 0.01 O.GI 
0000 0.000 0000 0001 O,O(H 
[:i:] = Operating envelope 
45 40 35 
0,01 
0.001 
om 0.01 0_01 
0.001 0.001 0,001 ' 
001 0,01 0.02 
0.001 0.001 0002 
0.02 0.00 0.02 
0.003 OJ)()I 0.003 
0.01 0.01 0.02 
0.002 0.002 0.003 
000 000 0.01 
0.000 0.000 0.001 
0.01 0.01 
0.001 0.001 
A = CO emission (%) 
B = CO/CO, ratio 
30 25 
0.01 0.01 
0.001 0.001 
0.00 
0.001 
O.QI 0.02 
0.001 0.002 
0.02 0.01 
0.004 0.002 
0.01 0,01 
0.002 0.<.02 
20 IS to 
0,01 
0.002 
0.01 
0.002 
0.01 000 
O'()()2 0.000 
Appendix A-
85 80 
C, 
-
-
-
"l ~ 
-«< 
~ 
0 1.32 1.31 .~ .., 
-~ 37 38 
Ol 
<2 "': 1.42 1.42 
0:: 
-
";; " 36 
... 
'" 
> .~ 
Ol 
~ ~ 
-
" -
~ 
-
l.5rn Tailpipe Parametric Results: Actual Relative AirlFuel Ratio and Test Order 
75 
1.11 
39 
1.42 
34 
Key:-
Stagnation plate distance, x (mm) 
70 65 60 55 50 
UI 1.32 1.32 1.31 1.32 
.. 
" 
42 43 47 
1.42 1.4) 1.42 1.42 1.42 
J3 32 31 30 26 
!.S2 1.52 1.5) 
" 
28 27 
m = Operating envelope 
45 40 35 30 
1.21 
11 
1.32 1.32 1.31 DJ 
.. ., 9 I • 
1.42 1.42 1.41 1.41 
2S 22 • 12 
1.52 !.S2 U2 !.SI 
24 23 7 J3 
1.61 
" 
A = Relative air/fuel ratio ("-) 
B = Test order 
25 
1.10 
4 
1.21 
3 
1.31 
2 
1.42 
I 
1.51 
, 
164 
6 
20 15 10 
1.32 1.31 
16 J9 
1.42 1.42 1.41 
IS J8 21 
1.52 1.51 
J7 2. 
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1.8m Tailpipe Parametric Results: Actual Relative AirlFuel Ratio and Test Order 
75 
!.S2 
3. 
Key:-
Stagnation plate distance, x (mm) 
70 65 60 55 50 
1.42 1.42 
" 
28 
1.53 1.52 152 1.53 1.53 
" 
34 33 3D 27 
1.62 1.62 1.63 
J2 31 2. 
rn = Operating envelope 
45 40 35 30 
1.31 . 
• 
1.43 1.4) 1.43 1.41 
2J :u 18. 1 
1.52 l.S1 1.52 1.51 
24 21 17 2 
1.62 1.63 1.63 1.62 
" 
2D I' 3 
A = Relative air/fuel ratio (A.) 
B = Test order 
25 
1.31 
, 
1.42 
• 
1.52 
7 
1.62 
8 
20 15 lO 
1.29 1.26 1.29 
, I 
" " 
!.SI 1.52 
ID Il 
1.62 1.63 
11 12 
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2.lm Tailpipe Parametric Results: Actual Relative AirlFuel Ratio and Test Order 
75 
1.73 
29 
Key:-
Stagnation plate distance, x (mm) 
70 65 60 55 50 
1.S2 
" 
1.63 1.64 1.62 1.63 1.62 
2. 2S 24 
" 
22 
Ln Ln 1.13 1.12 
30 31 
" " 
CD = Operating envelope 
45 40 35 30 
1.:21': 
. , 
'. 1.31 
3 
1.42 IAI 
16 2 
1.S2 1.52 1.52 I.SO 
18 17 
" 
I 
1.63 1.6J 1.62 1.61 
21 20 
" 
• 
A = Relative air/fuel ratio (A) 
B = Test order 
25 
, 
1.21 ' 
, 
1.51 ' 
• 
1.61 
1 
20 15 10 
1.18 ' 
12 
LS2 
10 
1.61 1.62 
9 13 
IV 
IV 
00 
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2.4m Tailpipe Parametric Results: Actual Relative AirlFuel Ratio and Test Order 
75 
1.80 
3. 
Key:-
Stagnation plate distance, x (mm) 
70 65 60 55 50 
1.52 1.S2 
26 2l 
LOO 1.59 1.60 1.63 1.62 
29 28 27 2S 24 
1.70 1.69 1.69 1.69 
50 
" " 
., 
1.80 1.79 1.80 1.79 1.81 
II 34 
" 
3. 37 
rn = Operating envelope 
45 40 35 30 
1.21 1.18 
14 3 
1.31 1.31 1.31 
22 
" 
Il 
1.42 1.41 1 .. 41 1.41 
21 16 12 2 
!.SI 1.$2 I.SJ 1.51 
20 17 11 I 
1.61 1.61 1.61 1.62 
19 
" 
I. 7 
1.69 1.70 1.70 1.69 
46 4S 40 
" 
1.80 1.79 
l8 39 
A = Relative air/fuel ratio (A) 
B = Test order 
25 
1.23 
4 
1.51 
, 
1.62 
• 
1.70 
42 
20 15 10 
I.S7 
9 
1.62 
8 
1.70 1.71 
43 44 
APPENDIXB 
THE EFFECT OF AIRlFUEL RATIO ON COMBUSTOR PERFORMANCE 
Contained within this appendix are a series of graphs which illustrate the effects of 
air/fuel ratio on the performance of the combustor. The data used was gathered during 
the parametric study outlined in chapter 4. For each of the four operating envelopes 
(see figure 4.1), a line of constant stagnation plate distance has been selected which 
gave the largest variation in air/fuel ratio. 
The sample points selected for discussion are: 
Tailpipe Heat Input Stagnation Plate ReI. AIF 
Length (m) (kW) Distance, x (mm) Ratio Range 
1.5 ID 25 1.1 to 1.6 
1.8 10 30 1.3 to 1.6 
2.1 ID 30 1.2 to 1.6 
2.4 ID 35 1.2 to 1.7 
The parametric results are presented in terms of operating frequency, mean peak 
pressure amplitude, stability and finally NO •. 
The trends of operating frequency pressure amplitude (figure B 1.1) can be explained 
by considering the increase in reactant burning rate that would have arisen as the 
air/fuel ratio decreased towards stoichiometric [100]. In a similar way to the fuel 
studies of Keller and Westbrook [22], the increased burning rate would have advanced 
the heat release timing within the pulse combustion cycle. With this mechanism 
understood, the trends seen within the graphs can all be easily interpreted using the 
Rayleigh criterion (see section 2.2.2). 
The stability plots of COV(t) and COV(PPeak) are contained with figure B 1.2. The 
increase in cyclic variability encountered with lean reactant mixtures [44] is apparent 
within the COV(t) plots and to a certain extent also within the COV(PPeak) plot. The 
229 
curves of COV(PPeak) also showed a minIma with the stability decreasing as the 
reactant mixture approaches stoichiometric. 
The NOx data is presented in figure B1.3(a)-(d) in terms of NO" NO, N02 and 
N02INOx ratio. All the trends are consistent with a reduction in combustion zone 
temperature with increasing the air/fuel ratio. The reduction in combustion zone 
temperature is due to the flame temperature being a function of excess air 
dilution [100]. It is particularly interesting to note the increase in N02INOx ratio with 
increasing relative air/fuel ratio. It would be reasonable to suppose, with a constant 
stagnation plate distance, that the mixing between burning reactants and residual 
gases would have remained essentially unchanged as the air/fuel ratio was changed. 
Under these conditions, the decrease in flame temperature and presumably the similar 
reduction in residual gas temperature are sufficient to increase the oxidation of NO to 
N02. 
As an additional item, figure BI.4(a)-(c) shows the effects of frequency on NOx 
formation. The data used in the graphs has been selected from the entire data set 
collected during the parametric study i.e. it is not limited to the sample points outlined 
in the table above. In each of the three graphs, NOx measurements have been gathered 
together into groups of constant stagnation plate distance and relative air/fuel ratio. 
The variation in operating frequency is therefore produced by the change in the 
tail pipe length. It is clear from the graphs that there is a general reduction in NOx 
formation with increasing frequency. This result is in agreement with the work on a 
Schmidt-type pulse combustor by Au-Yeung et al. [61]. The explanation of the 
decrease in NOx formation with increasing frequency is generally discussed in terms 
of a reduction of the residence time at a high temperature [1\]. However, it would 
seem more likely that it is the peak combustion temperature that has the overriding 
effect on NOx emissions. As operating frequency decreases the reactant charge mass 
entering the combustion chamber per cycle will increase, producing a longer burn 
time. During this time, there will be progressively less interaction between the fresh 
reactants and the cooler residual gases from the previous cycle. This will lead to 
increased thermal NO production, per cycle, as both combustion temperature and 
230 
residency time rise. Due to non - linear relationship between NO formation and 
temperature, this increase in NO production per cycle will yield a higher time 
averaged exhaust emission of NO. 
231 
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Figure B 1.1 - The variation of mean peak pressure amplitude and operating 
frequency with relative air/fuel ratio 
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> 0.04 8 
0.02 
0.00 
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1.0 1.1 1.2 1.3 lA 1.5 1.6 1.7 1.8 
Relative air/fuel ratio 0) 
Figure B 1.2 - The stability of the combustor, as the air/fuel ratio is a ltered, in 
terms ofCOV(Ppcuk) and COV(t) 
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Figure B 1.3(a) - NO. emission results versus air/fuel ratio. Combustor operating 
with a 1.5 m long tailpipe and a stagnation plate distance of25 mm. 
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Figure B 1.3(b) - NO, emission results versus air/fue l ratio. Combustor operating 
with a 1.8 m long tailpipe and a stagnation plate distance of30 mm. 
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Figure Bl .3(c) - NOx emission results versus air/fue l ratio. Combustor operating 
with a 2.1 m long tail pipe and a stagnation plate distance of 30 mm. 
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Figure BI .3(d) - NOx emission results versus air/fue l ratio. Combustor operating 
with a 2.4 rn long tailpipe and a stagnation plate distance of 35 mm. 
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Figure BI.4(a) - NOx emission results versus operating frequency. The data 
points are gathered into lines of constant stagnation plate distance and air/fuel 
ratio. The results for stagnation plate distance, x = 50 to 70 mm are plotted. 
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Figure B 1.4(b) - NO, emission results versus operating frequency. The data 
points are gathered into lines of constant stagnation plate distance and air/fuel 
ratio. The results for stagnation plate distance, x = 30 to 45 mm are plotted. The 
results fall into four distinct groups of relative air/fuel ratio. 
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Figure B 1.4( c) - NOx emission results versus operating frequency. The data 
points are gathered into lines of constant stagnation plate distance and air/fuel 
ratio. The results for stagnation plate distance, x = IS to 30 mm are plotted. 
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APPENDIXC 
DATA FOR THE FIVE COMBUSTOR TEST CONFIGURATIONS 
The data presented within this appendix is as follows: 
1. A summary of the parametric results for the five test configurations. 
2. The pressure samples with the overlaid ensemble mean for the five test 
configurations. 
3. FFT pressure spectra for the five test configurations. 
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Figure CI.I(a) - Test configuration I: Pressure sample with the ensemble 
mean pressure waveform overlaid. 1.5 m tailpipe length, 55 mm stagnation 
plate distance and a relative air/fuel ratio of 1.4. 
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Figure CI.I(b) - Test configuration 2: Pressure sample with the ensemble 
mean pressure waveform overlaid. 1.5 m tail pipe length, 30 mm stagnation 
plate distance and a relative air/fuel ratio of 1.4. 
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Figure Cl.l(c) - Test configuration 3: Pressure sample with the ensemble 
mean pressure waveform overlaid. 1.5 m tailpipe length, 15 mm stagnation 
plate distance and a relative air/fuel ratio of 1.4. 
243 
0.20..------------------, 
x Pressure data 
0.1 5 0 Ensemble !rean 
~ e 0.10 
~ 
VJ 0.05 [ 
1 
<=I 
o 
i 
o 
u 
0.00 
-0.05 
-0.10 
-0.15 
-0.20 
5 10 20 25 
Cycle rim: (m;) 
Figure Cl.1(d) - Test configuration 4: Pressure sample with the ensemble 
mean pressure wavefonn overlaid. 2.4 m tailpipe length, 55 mm stagnation 
plate distance and a relative air/fuel ratio of 1.6. 
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Figure Cl.l(e) - Test configuration 5: Pressure sample with the ensemble 
mean pressure waveform overlaid. 2.4 m tailpipe length, 30 mm stagnation 
plate distance and a relative air/fuel ratio of 1.6. 
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Pressure Spectrum for Test Configuration 3 
(l.5rn tailpipe, 15mm stagnation plate distance and 1041,.) 
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APPENDIXD 
IMAGE SEQUENCES FROM THE LASER INDUCED 
FLUORESCENCE STUDY 
Contained within this appendix are the OH LIF image sequences for the five, 
combustor test configurations. 
Throughout the LIF study, the optical section was maintained in the forward position. 
To image the full length of the optical section with the 30 mm wide UV sheet took 
three test runs. In the following pages, there are therefore three image sequences for 
each of the test configurations. These are termed the upstream, middle and 
downstream sequences. 
Each image within the sequences has been selected to be representative of the general 
structures present at the respective temporal location. The sequences only show the 
period of the cycle where discernible OH structures could be seen. This often meant 
that either the start or the end of the cycle was not shown since there was an even 
distribution of OH signal across the whole image. 
In the greyscale images, lighter regions indicate a stronger OH signal. The location of 
each image within the pulse combustion cycle is as indicated. 
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Test Configuration 1: 1.5 m tailpipe; 55 nUn stagnation plate distance and le = 1.4. 
Upstream region imaged. The inlet to the combustion chamber can be seen in the 
top left of each image. 
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Test Configuration 1: 1.5 m tailpipe, 55 mm stagnation plate distance and ').. = 1.4. 
Upstream region imaged. The inlet to the combustion chamber can be seen in the 
top left of each image. 
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Test Configuration 1: 1.5 m tailpipe; 55 mm stagnation plate distance and A = 1.4. 
Middle region imaged. The masked stagnation plate can be seen in the top right of 
each image. 
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Test Configuration 1: 1.5 m tailpipe, 55 mm stagnation plate distance and ').. = 1.4. 
Downstream region imaged. The masked stagnation plate can be seen in the top left 
of each image. 
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Test Configuration 2: 1.5 m tailpipe, 30 mm stagnation plate distance and A. = 1.4. 
Upstream region imaged. The inlet to the combustion chamber can be seen in the 
top left of each image and the masked stagnation plate to the top right. 
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Test Configuration 2: 1.5 m tailpipe, 30 mm stagnation plate distance and A. = 1.4. 
Upstream region imaged. The inlet to the combustion chamber can be seen in the 
top left of each image and the masked stagnation plate to the top right. 
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Test Configuration 2: 1.5 m tailpipe, 30 mm stagnation plate distance and ").. = 1.4. 
Middle region imaged. The masked stagnation plate can be seen to the top left of 
each image. 
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Test Configuration 2: 1.5 m tailpipe, 30 mm stagnation plate distance and A. = 1.4. 
Downstream region imaged. 
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Test Configuration 3: 1.5 m tailpipe, 15 mm stagnation plate distance and A. = lA. 
,.' . 
Upstream region imaged. The inlet to the combustion chamber can be seen in the 
top left of each image and the masked stagnation plate in the middle. 
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Test Configuration 3: 1.5 m tailpipe, 15 mm stagnation plate distance and A. = 1.4. 
Upstream region imaged. The inlet to the combustion chamber can be seen in the 
top left of each image and the masked stagnation plate in the middle. 
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Test Configuration 3: 1.5 m tailpipe, 15 mm stagnation plate distance and A. = 1.4. 
Middle region imaged. The masked stagnation plate can be seen to the top left of 
each image. 
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Test Configuration 3: 1.5 m tailpipe, 15 mm stagnation plate distance and A = 1.4. 
Downstream region imaged. 
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Test Configuration 4: 2.4 m tailpipe, 55 mm stagnation plate distance and ').. = 1.6. 
Upstream region imaged. The inlet to the combustion chamber can be seen in the 
top left of each image. 
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Test Configuration 4: 2.4 m tail pipe, 55 mm stagnation plate distance and A = 1.6. 
Middle region imaged. The masked stagnation plate can be seen in the top right of 
each image. 
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Test Configuration 4: 2.4 m tailpipe, 55 mm stagnation plate distance and A = 1.6. 
Middle region imaged. The masked stagnation plate can be seen in the top right of 
each image. 
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Test Configuration 4: 2.4 m tailpipe, 55 mm stagnation plate distance and A = 1.6. 
Downstream region imaged. The masked stagnation plate can be seen in the top left 
of each image. 
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Test Configuration 4: 2.4 m tailpipe, 55 mm stagnation plate distance and ').. = 1.6. 
Downstream region imaged. The masked stagnation plate can be seen in the top left 
of each image. 
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Test Configuration 5: 2.4 m tailpipe, 30 mm stagnation plate distance and A. = 1.6. 
Upstream region imaged. The inlet to the combustion chamber can be seen in the 
top left of each image. 
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Test Configuration 5: 2.4 m tailpipe, 30 mm stagnation plate distance and 'A. = 1.6. 
Upstream region imaged. The inlet to the combustion chamber can be seen in the 
top left of each image. 
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Test Configuration 5: 2.4 m tailpipe, 30 mm stagnation plate distance and A. = 1.6. 
Middle region imaged. The masked stagnation plate be seen in the top left of each 
Image. 
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Test Configuration 5: 2.4 m tail pipe, 30 mm stagnation plate distance and A. = 1.6. 
Downstream region imaged. 
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